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FOREWORD

The Air Weather Service is pleased to make available tou the aerospace-envirommentgl
camrunity this report of the proceedings of the Fifth Technical Exchange Conference, held
at the U, S. Air Forece Academy, Coloradc, on 1lk-17 July 1969. Its publication will serve
a vider audience than could be accommodated at the Conference and will provide participants
vith an opportunity to study the stimulating presentations carefully at thelr leisure. 1In
this way the information end coordination objectives of the Conference will be furthered.

The background and purpose cf the Technicael Exchange Conferences were described by
Col Ralph G. Suggs in his keynote address. He also treated the importance of the theme

of the Conference, '"Meteorological Resources and Capabilities in the '70s." Twenty-four
papers in all were given covering data-gathering systems, meteorological communications,
computation and display, numerical weather-prediction capabilities, automation and applied
weather forecasting, tropical meteorology, and weather modification--selected subjects
crucial to the Air wWeather Service in the '70s that also unquestionably concern the other
weather services. The highlights of this Fifth Conference were summarized by Col Edward C.
Jess who also acknowledged the various individuals who so ably assisted in the myriad of
details in preparing arrangements and in running the meeting.

The conferees were warmly welcomed bty Lt Gen Thomas S. Moorman, Superintendent of the
Air Force Academy, who was Commander of the Air Weather Service in the late 19508 and who
continues to be one of our .ield's staunchest supporters. At the banquet on the evening
of 15 July, Dr. Archie Kahan, General Physical Scientist of the U. S. Bureau of Reclamstion,
regaled the diners with personal reminiscences (and slides) of his recent visit to the USSR
and ite weather-modification facilities. Dr. Hans K. Ziegler, Deputy for Science and Chief
Scientist, U. S. Army Electronics Command, spoke at a speaial luncheon on 16 July of his

remembrances Of the inside story of early developments in the meteorological-satellite pro-
gram; his remarks are included in this report.

All presentations were by invitation. They represented contributions fram eminent
specialists of the Army, Navy, Adr Force, U. S. Coast Guard, Envirommental Science Services
Administration, Department of Agriculture, National Aerconsutics and Space Administration,
National Center for Atmospheric Research, RAND Corporaticn, Eastern Air Lipes, Massachusetts
Inetitute of Technology, Pennsylvania State University, and University of Nevada. A list of
the over 200 distinguished attendees registered at the Conference also ie included.

As Conference Coordinator and Moderator, I am most pleased to extend my personal thanks
to all the speakers, attendees, and workers for their part in successfully fulfilling the
mission of the Conference and making this report the valuable ipetrument for us that it is.

ROBERT D. FLETCHER
DCS/Aerospace Sciences
Hq Air Weather Service

8 August 1969
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SUMMARY OF WELCOMING ADIRESS

Lt. Gen. Thomas S. Moorman
Superintendent, U, S. Air Force Academy

General Moormen began by extending a welcome tc the conferees on behalf of the Air Foree
Acaden, and its staff. He then briefly summarized the Academy's mission, history, and

present progran.

He felt that the Conference isme — Meteorclogical Resources and Capabilities of the T0's
was both appropriate and challenging. . today's increasingly complex amd technological
world, the difficult but inescepable task of planning r.t!onally for the future was attract-
ing ever more attention from businessmen, economists, and scientists. He wished the
conference every success in plectting the future course of the atmospheric sciencec — a

forecact on forecasting, as it were.

Education in meteorology was of great concern to General Moorman both in regerd to the USAF
Academy cnd ir nis capacity as a member of the American Meteorological Society Commission
on Meteorological Bducation. We must, he stated, ensure that a fair share of cur nation's
bright young men enter prcfessional careess in the envirommental sclences. Since the Air
Force operatzs in the acrcvspace environment, it wus easential that all students at the
Acadenty acquire a sound understanding of the science of this environment. To this end,

the Academy has established four courses !n atmospheric scilence and ropes \hat some

future USAF officers will thereby be motivated to rursue careers in this field.

General Moorman concluded by again wishing the Confevence every suscesg in its endeavors

and expressiug his eagerness to review 1ts results.




- KEYNOTE ADDRESS
- FOR THE
1969 METEOROLOGICAL TECHNICAL EXCHANGE CONFERENCE

Rulph G. Suggs, Colonel, USAF
Vice Cammander
Alr Wesather Service (MAC)

i

It 18 indeed a pleasure for me to address th's distinguished group, gathered here et the
end of America's first century of organized weather forecasting. This is, as you know,
the fifth in the series o: technical conferences which began in 1965.

We originally conceived these meetings as & vehicle to coordinate envirommental research °
within our own Air Weather Service family. We soon found, however, that we could not

rationally plan our own activities without an up-to-date understanding of the work of
thers,

R

———
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S0, we began to broaden the scope of these conferences to include contributions f.om the
other military weather services and, later, fram the civilian me*eoroclogical camwnunity.
Participation in the conferences has grown steadily, and the scope of the meetings has
enlarged until they now include many of the environmental sciences. Clearly, this type
of ecumenical gathering has filled a real need.

PRIV

N
"

Each of our past meetings has had & acmewhat different central theme -- and this is good.
Tre developing role of the envirommental sciences i8 a many-faceted one. Our purpose at §
this year's meeting is to look forward into the caming decade. During this conference,

we wiil be addreseing our attenticn to ‘Meteorologizal Resources and Capabilities in the
fus.

——

I will not try to steal the thunder, if you will, orf the eminently well-qualified
socthsayers gathered tere; for tomorrow's scientific sdvances are even harder to predict
than tomorrow's weather. Instead, I would like to offer some reflections cn the past
development of our environmental sciences and to explore some hopes for their future.

1970 will not only herald ihe dawn of a new decade for progress; it will also mark the
end of an eventful century for the atmospneric scicnces. For it was in 1870 that the

H Signal Corps first ventured to prepare daily forecasts of the most changeable element in
: our enviromment -- the weather. We should also note that next yezar is the fiftieth
anniversaxy of the /American Meteorological Sccilety.

Those first brave forecasts of almost a ceniury agc were based on little more than Ben
Franklin's observatlon that weather moved from west to east. In later yesrs, our
thinking was revolutionized by the polar-front theory. Still later, better observaticns
! permitted adeguate three-dimensicnal analysis ol the atimosphere. But rost significantly,

both theory and observation led to a better understanding of our ocean of air. These
advancee have already led metecorologisis to plan for the 1970's exciting global experi-
ments in observation and analysis of the world's weather.

L s ol S BRI 1 g

However, the atmospheric sciences have not limited themselves to the narrov confines of
our planet's thin skin of air. A4s our military and civilian customers ventured into
uncharted enviromments, they turned to the meteorologists to find pilots. And so, in
this hall teday, we find scientists who deal with the atmosphere of the sun rather than

: that of the earth, &nd others who are more concernad with our own atmosphere's electrons
than with i+s raindrops.

i
3
3

This twofold growth in the depth and scope of our concerns has been accampanied by a

i corresponding growth in our profession. A gathering such as this would have been
impo@sible a few generations ago. Meteorologists were a rare breed, and few other
vrofessicnals would have considered themselves atmospheric scientists. But our netion

I = = N

N PR




3
E
A LV
3
3
%,
=
3
4
-.’::
£
5
1
‘
4
1
Y
«~ r

ha3 responded to the growing challenges and opportunities of the environment by educating
new generations of versatile ascientists.

The demands of World War II brought thousands of young scientists with diverse backgrounds
into operational meteorclogy. This trend has coantinued: even today, we find that most
practicing meteorologlsts started their careers in other branches of science. But recent
vears have seen a uew growth in education in the atmospheric sciences, as evidenced by the
number of new university departments which have blossamed across the land. Thus, today

our ranks are being swelled by a new crop of enthusiastic young scientlsts whose primary
specialization 1is meteorology.

As we await the dawn of the seventies, I predict tha, whis cadre of dedicated and able
environmental scientists will be our greatest asset. And, it is clearly appropriate to
speak of this diverse group in collective temms, for today we recognize a cammon concern
in the all-encampassing enviromment.

In this decade, man has first viewed his hameland frar the vantage point of the moon. In
a few days, we will first set foot on an alien btody of the univers¢. Fram the standpoint
of the stars, this maomentous step is but a ferry operation fram one planetary spaceship

to another. On the earth, on the moon, or enroute fram one to the other, the prime concern
is for the enviroment of nman and his tools. This is the thread that unites our diverse
disciplines even more firmly.

And so, the history of our profession has been a story of innovation, growth, education,
and on increasing recognition of the unity of the envirommental sciences. 1 am personally
proud of the leading role that the military services have played in this growth. I have
ulready noted the Signal Corps' pioneering work in the infancy of meteorolegy. Tne military
weather services were the first to attempt operational forecasts of severe weather, high-
altitude winds, and clear-air turbulence. The foundations of radar meteorology vere laid
by military forecasters. And we must not forget that the adaptation of computers to
weather forecasting was pioneered by the Joint Numericel Weather Prediction Unit.

This pioneering role was thrust upon us by the urgent needs of our military custamers.
The inherently competitive nature of the military mission inevitably forces military
systems to challenge our enviromment and our knowledge. Military aircraft have blazed
new trails across the sky and uncovered such new envirommental phenamena as the jet stream
and clear-air turtulence, and have brought us the problems of supersonic flight.

Today, space and missile systems pose environmental problems which tex ocur understanding of
the earth's surrourdings. Thus, in the Air Weather Service, we have stretched the word
“weather” to the limit; owr "weathermen' now deal with everything fram the surface of the
earth to the surface of the sun.

I am proud to reccgnize the many contrivutions of these "weathermen to the nation's
scientific capabllity. The spectacular growth of meteorology in the past juarter-century
owes much to the huge meteorology training programs of World War II. In the years since
then, the miliztary services have continued to be the major educators for the atmospheric
envirormental sciences. The Alr Weather Service, for example, has sent 2,500 young officers
througn bagic meteorology training in the past ten ycars alone. In the same period, mcre
than 600 of cur more senior people have undertake=n graduate studies in various fields of the
environmental sciences. Thus, in the past decade we have trained and returned to eivilian
1ife more meteorologists than we now have on active duty.

While our personnel specialists bemoan the losses these figures imply, our loss in
professional resources has been offset by the gains to the nation's scientific capabilities.
The talented scientists fram diverse backgrounds wham we have brought into the environmental
sciences form a priceless national resource. The nurter of military alumn! present here
today attests to the value of this continuing educational prograr and certainly has

contrlbuted to the truly fine cooperation which exists between the military and civilian
branches of our sciences.

I reel that one of the most important objlectives of tnis series of conferences is to further
this spirit of cooperation. As we lcok ahead togetnher into the seventier, we cannot

ey
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foretell all of the prohlems that will face us. We can, however, forecast with coni'idence

that we will face chelienging new tasks. Both in cur traditional fields of interest and
in the new eanvironments inankind will pioneer.

There will be mcre than enough work for all, regardless of academic specialty or organiza-
tional affilietion. And we cen best tackle this work in a spirit of cooperation, sharing
the skills of our diverse envirommental sciences and the talents of our gifted scientists
~- both in uniform and in mufti. I challenge this gathering t. lay a firm foundaticn --
for a caming decade of unprecedented progress and cooperation .n the envirommental sciences.
i' The roéd that led to the successes of today was built by the lebors of our predecessors.
! : In the same way, we must bulld new resources and capabilities as a bridge to the future.

We “"old men"' of the envirommental sciences must emulate the old man of a poem I unearthed
the other day.

.

An old man, going a lone highway,

Came st evening, cold and gray

To a chasm, vast, and deep, and wide,

Through which was flowing a sullen tide.

The old man crcssed in the twilight dim;

The sullen stream had no fears for him;

But he turned, when safe on the other side,

And built s bridge to span the tide.

: "0ld man,” said a fellow plilgrim near,

: "You are wasting strength with building here;
"Your journey will end with the ending day;
“You never egain must pass this way;
"You have crossed the chasm, deep and wide --
‘Why build you the bridge at the eventide?'

The »uilder lifted his old grey head:

; “Good friend, in the path I have came,” he said,

"There followeth after me today

“"A youth, whose feet must pass this way.

"fhis chasm, that has been naught to me,

'To that fair-haired youth may a pitfall be.

"He, to00, must cross in the twilight dim;

"Good friend, I am building the bridge for him."
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DATA GATHERING SYSTEMS OF THE 70'S--A SURVEY

James Girsytys
Weather Bureau
U.S.A.

"The present is big with the future,
the future might be read in the past,
the distant is expressed in the near.”

Ieibnitz

The forecast is based on two premises: (1) "New" systeme to be used in the
1970's are under development today, and (2) changes to tke present networks
will be evolutionary and not reveclutionary. The data acquisition system cof
the 1970's will differ from today's system in two significant ways: Automa-
tion of the surface observation will be extensive and remote sensing, partic-
ularly from satellites, will sugment or replace for some purposes the present
rawvinsonde systems. Global, long range forecasts will rely heavily on remote
satellite sensing. Radiosonde obeervations will be made to 10 or S mb at only
some 10-15 stations in the United States. Other stations will terminate sound-
ings near 300 mb, Mesoscale and microscale, short range forecasts will be
supported by networks of automatic stations in and around major cities as well
as surface based remote, low level sounding systems. Moblle upper air stations
will be available for seasonal use in tae midwest and along the Guif and Atlantic
coasts. Buoys will provide data from coastal areas, but a network of deep ocean,
meteorological buoys will not be realized during the decade. Quantitative radar
ta will be readily svailable over telephcne circuits as will be computer pre-
pared radar composites. Besides the technical problems involved, there are a
number of managerial problems to be solved. Chief among these are standardiza-
tion of observing techniques, network calibration, and the definition and
application of data accuracy terminology. BHowever, the foremost difficulty is
the plethora of possible new observing systems compared tc the funde available
for research, development, and purchase. Circumstances dictate that network
date requirerents be thoroughly reviewed and priorities assigned on & national
basis. Unfortunately, I find little overt action being taken to set such
priorities.

I. Introduction

Today, theoretical and practical work is being conducted across the board from indirect sat-
ellite sensors operating in the visible, infrared, microwave and radio frequencies to sub-
miniature electronics. Yet, meteorclogists have barely begun to exploit the advances being
made in communications, automation, sensor electronics, and remote sensing. We mus® under-
stand, however, that as we exploit new technology, we are constrained both by the residual
value of existing equipment and the availability of money for new systems. Of necessity,
the process of change will be evolutionary; and operational programs will continue to lag
well behind research and development efforts.

When I accepted this assignment, I was asked to present a forecast of the meteorological data
gathering systems likely to be in use during the 1970's. Let me begin by establishing some
terms of reference which will limit my presentation to a manageable size. 1 intend to include
only systems which, in my opinion, are applicable to broad problem areas, i.e., large pro-
grams a5 defined either in terms of absolute numbers of observations obti. 4 or in the space
and time coverage afforded. In setting the stage for the forecast, it will * - necessary to
consider the current resea:ch and development (R&D) programs being conducted .-ound the world.
This is pateutly impossible. Therefore, I will cnly consider representative programs waich
bear directly on the broad programs as defined above.




wift
)

Any forecast is hazardous, and such a subjective one as this could be little more than &

guess., However, we do heve two solid pillars upon which to base the forecast. First, & !
system is in existence teday; and changes will be made by edding to this system rather than i
by replacing it in totvo. Second, the time required to budget for, install, and commission ; §

new equipment is-Ibng enough sC¢ that any new system t¢ be used during the 1970's is likely
to be under develomment today.

x

As an outline for this paper, let me pcose three questions and answer them in turn:

1. What challenges will the dats gathering system fzce in the 1970's? !

2. What are we doing to improve the system?

-

3. What systems will be operasticnal in the 1970's?

f .,V"H‘V'wﬁ‘w“m!lm‘i.”! LU
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JI. Challenges to the Data Gathering Systenm
(...the distant is expressed in the near...)

g (LS

A. Nature of the Challenge. The challenges facing meteorclegy are as diverse as the needs
of the users of environmental data. Baum (1969) states that the major chellenge tcday i
to bring man intc ecological balance with his world. Transleted to the field of meteorology,
this challenge means that we are faced with two major probiems--the long range, global fore-
cast and the short range, lccal forecast. Observations are important only to the extent thet
z they are needed for forecasts. It is for this reason thet the challenges to the observing

program stem from forecast and service programs, which, in turn, arise because we are striv-
: 1 inz to attain an ecolo, izal belance with cur environment.

oy al AEl Al

B, Global Forecasts. Global forecasts will only become a reality through thes efforts of
people working under an internetional program--specifically, the World Weather Progranm.
Davies (1963) points out that the World Weather Program sponscred by the World Mstecrclogical
Organization is an agenda for a global metecrological service incorporating new technology.
The WWP has two major branches which are the World Weather Watch (WWW) and the Global Atmo-
spheric Research Project (GARP) (Ashford, 1969). (The WWW includes Global Observaticns, !
Communicaiion and Telecommunication systems.) ]

FRTToR
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GARP is sponsored by governments through the WMO and by scientific institutions thrcugh the :
International Council of Scientific Unions. dJust as the Internstional Pciar Years (1822-£3 :
and 1932-33) and International Geophysical Year (1957-58) provided major stimul:i to retec- i
rology, GARP will stimulaic advances in cur observing capability. Not only will additiconal
observing points be required, but such a globel effert will require major improvemenis to
existing techniques and an interneticonal stzndardization of equipment. To meet the challenge
cf stendardization, the Commission for Instruments &nd Methods of Observation (CD) has
already begun comparisons to develop a reference radiosonde (Binzpeter, 1969). An interna-
tional comparison of ralngsges has been completed (Cirayiys and Heck, 1963), Errorts are
unuerway to conduct a comparison ¢f rocket sounding devices.

~ anmy

P~

A guestion to be asked is what data reguirements will be placed on the observing syster as a :
result of GARP? A qualitative ansiysis (COSPAR, 1967) shows that in the adiabatic rodels :
tnen under develupment, the largest nonobservationzl scurce of error would bte from diabat:ic N
: heating processers (condensation, evaporation, heat transfer with land and water surface,

: etc.). For these models 2% the end of a 15-20 day fcrecast, the errors from neglecting

E diabatic heating are abcut the same or those from the following initial observational errors:

Temperature, 1C; pressure, 3 mb; or wind, 2-3 m/s. Turned around, if the initiel data errors

exceed these amounts, the obeservational errcrs are lerger than the most impcrtant errors in

the mcdel., ™Peble 1 conteins the accuracies for upper air data vwhich were adcpted in Octobter

1968 by COSPAR Working Group IV as first priority for GARP.

RE———
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3 Tatle 1. Upper Air Data Accuracies for the

3 Globzl Atmospheric Research Project

3 Y

3 v Wind - 2 m/s Horizontul Resolutions - 400 km

w ! Temparzture - 2C Vertical Resolution -~ 20 mb once
Water Vapor - 10% per day to 100 mb, globally

1 Pressure (reference level) 0.2%

4

3 GARP it not the ¢nly glcbal research effort to present challenges tc our ohserving prograd.

E The UNESCO i: sponsorirng the Integrated Global Ocean 72t-:ion System (IGOSS) through its

E intergovernmental Oceancgraphic Commissicn (IOC). T :et, IG0SS 13 a "wev'" GARP; and

5 the two prcgrams sre closely aliied. The ongeing Barus us Cceancgraphic and Meteorological

E Experiment (BOMEX) is & United States sponsored part of GARF and is aimed specifically at
the problems of sea-2il interactions., The Food and Agriculture Crganizeticn [FAOQ-UNESCO)

: aring the Internatioual Hydrologic Decade. The United States has proposed to the

; Unitec¢ Nations that it sponsor an International Decade of Ocean Exploration for the 1970's.

=

h

: C. local Forecasts. While major improvementis have teen made *n long range forecasting due
tS 2 beizer modeling of the gross features of the atmosphere, only modest progress has been

i improvenent of lceel Jorecasts. For example, consider the genersl eguation

: descricing g_change with time ¢of a metecrological parameter:

i ax ,7%) ~(2) (3) ~ 3 () (5) P o~

? d—t:\t+Jt'V\t72ﬂx\t=(VPav§+ \t \t

3 loczl advection coriolis pressure greviiy viscesity

: change gradient

2

~~ represents a vector

The third term dominates
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D. Side Effects. As we
2ocal forecasts, we will
nuity and our ranageren:
rrocadures is a must; as
ogy such as accuracy will

tie
be T
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hav:
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an estimate of scme current a

Scientists are experi

canes In an attempt to mcdif

vhat bases wWere usel ic determine the accuracy {igares

quantity

large scale features, while the second term dominates for small
linear and rerm (2) is nct. Therefore, the basic equations
because the small scale features show up as nonlinear pertuba-
cut 25 '"noise.” liot only are these pertutations difficuit to
chserve with the present density and frequency of observing

:onsidered zs another parv of the local forecast challenge.

we 4o not have at our dispcsal the means to slter thie long

ies or their intensity., For this reason, we are constrained tc
ezt embedded in the larger weather patterns. For example,
zcrieved in preoducing rein rom superccoled stratiform
the seeding cof localized areas of warm clouds,
igger rain befecre it would cccur naturally. Project
anze Services Administration venture, has seeded
intenzity or movement {Simpson, 1966). now
02led fug; and LC a lesser extent, warm fog. Yet, the approach
cf what is

the concentra-
radiosondes.
will inevitably

tienmpt

~nm,

+ =
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continuing effert 1o reselve this
ear Norman, Oklahome, using radar,
ther modificaticn, the Jemands for

for observations.

deficiency is
aircraft, and
such serviees

opt to provide the observaticns required for bcoth glcbal and
zced with many side issues challenging both our technical inge-
ities, Ac menticned earlier, standardiza*ion of cbservational

n integrated quality conircl program. Definitions of terrinols
¢ 10 be agreed upon. In point ¢f fact, we are not even certain
we sC easily quote, (Annex I contains
ccuracies assembled from diverse sources.) Network calibration,

7

nat yet in being for systems such as radars and radicsonde ground equipments, is an absolute
neceszsity. How do data from differeni sensurs compare? McFadden and Wilkerson (1967) have
the crly repert that I was =z2ble to find on comparisons of radiosonde &nd dropsonde data.
Pench mark stationrs will have to be both upgraded in terms of parameters measured end in-
erazced in nunbers (Roberts, 1969). How do we handle & periodic date? Satellites will

ste incredible amcunts ¢f cuch data. Increasing amounts of guantitative radar data
wvajiable trne next few years. henote sensors, sateilite cobservations,

7
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miniaturized elecironics, automatic data processors, and automated communicaticns are more

than solutions to our problems; they are challenges in themselves--tor how shall we use these
new devices effectively? These then are the challenges we face.

III. VWhat are we doing to improve the system?
(...the present is big with the future...)

A, General Imprcvements. The network of observing staticns--worldwide--is expending, and
funds are available for a coniinued expansion, although at a slower than desired rate. Auto-
maticn of the observing finction 1s now feasitle (cr nearly sc) where just 10 years ago il
wvas not--and we are automating. In the next 2 years, nitions ere to increase their upper air
sounding programs frum merchant. ships from 20 to €7. 1In addition, more than 330 new surface
stations are to be added. In fact, the WMO reports that there is about an 11% per year in-
crease in expenditures worldwide for meteorology. Research and develcpmeni programs have
been initiated which range from tasic investigations of surface instruments tc rocketsonde
end satellile probes. Remote satellite sensors are operating in the spectral region from

0.4 - 30 microns. Advancements in technolcgy have produced operational radars and lasers.
Each of these facets should be considered in & forecast of resources for the 1970's. However,
< have made the arbitrary declsicn to concenirate in Section TII on "typical" ressarch and
development programs with promise rather than on additions to the networr in terms cf addi-
tional stations or frequency of observatjons.

B. Research and Developument Programs. (i) Satellite. Tepper and Ruttenberg (1969) point
out that satellites reside outside the atmosphere and are capable of viewing that atmosphere
in any portion of the electromagnetic spectrum. Figure 1 from their paper shows this sche-
matically. By way of review, there are

three general functicns of a satellite

as a vehicle for remote atmospheric sens-

ing: METEOROLOCITAL INSTR JMENTATION 15 BASED DN ATMOSPMERIC
PROPERTIES § LARRAZTERISTIZS IN T-1 yaRIGLS SPECTRAL REGIONS

(1) Areal distribution of environ-
mental features. This includes clouds,
ice, £0il meisture, sncw, and meteoro-
logicully relsted features such as dust.
The distribution may be qualitative or
quantitative.

(2) Kinematic field; currently,
indirectly inferred from cloud motion.

(3) Mess fiel” including tempera-
ture, moisture, and pressure measure-
ments.

The COSPAR WG VI rezport (1968) presents
a comprehensive review of potential sat-
ellite applications for meteorology.
Nordberg (1968) and Colwell (1968) give a more general review of the properties of the earth
and the atmosphere which can be deduced from satellites.

FIGURE 1 hat AR

For the most part, satellite data have bteen used qualitatively, but threre awe exceptions. -
Suomi, Oliver and others have developed techniques to extract date on the wind field from

cloud motions. Merritt and Smith (1968) derived gquantitative information on short wave

cloud patterns from satellite data. Fett (1965) developed a =odel for objectively classify-

ing tropical cyclones with respect to their stage of development on satellite photographs. :
Hubert and Timchalk (1969) (also Meteorological Satellite Laboratory Report #33) prcvide

regression curves relating the diameter of hurricanes as seen on satellite photographs to the L.
maximum wind speed to be expected. A number of initial studies led up to the present system )
of aigitizing sateilite vhotos on the basis of discrete levels of cloud intensity and pre-
paring mosaics. I am pex onally convinced that much more quantitative data is aveilable in
the photographs. For example, several investigators {Girzytys, 1962) have shown thst silcad
patterns could be identified and categorizel using & simple speciral anzlysis technique. By
a suitable selection of categories and the use of digitized deta, cumulus cloul censuses
could be taken in the tropics. Such informetion is vital te an understanding of the energy
nrocesses of that region.

8
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On & guanlitative tasis, however, the most significant results rave been from the infrared
date, Merritt (1967) presents & status rerort on uses of the TIROS and early Nimbus infrured
dzta, vrimariiy ror clcoad cover anelyses. 3ince atmospheric constituents rediate at different
wave lengthe over different eitit.de regicns, the nsxt step was tc cepitalize on this feature
to obtain vertical temperature and ccmposition profiies. This step was taken by placing s
satellite infrared ope"trcmeter {SIR3) on Wizbus IIT launched in April 1969. A catalogue of
thie Limbus III radiometer devices ic given in Table 2. Annex I containg sn cctimate, prepared
in the Weather Buresu, of sstellite data accuraciles.

+

"

Tzble 2. Celalogue of limbus Rudiation Detecion Devices

Hare Band Frequency
Sztellite Infrared Spectrometer (SIRS) 7 channelz around 1S microns (602) Temperatu-e

1 crannel 11.1 microns (H.0 window) Profile Mea-

2
surements
High Resolution T.afrared Radiometer 0.7 = 1.2 microns dey Cloud Mapping
(HRIR) 3.4 - 4.2 microns night Sea Surface
Temperatures
ion Infrared Radiometer €.b - 6.¢ microns Wster Vapor
10 - 11 microns Surfece and
Clcud Top Tem-
perature
ih.5 < 1%.5 micrens Stratospheric
Temperature
Infrared Interferumeter Spectrometer 5 « 20 microns Structure Pro-
; . . files of Tem-
{HASA experiment)

perature, Water
Vapor, Ozone,
and Carbon Diox-

ide
Hil: i on Wirbas III. The
meth The CO2 radietion band,
abs L. Smith, 1969). Each
cha . The 11.]1 wmicrun water
the
wha

B T Tl ity I 6 B B

.
the radiation trnns I o
Hilleery, 196%) giv
sounding =nd onc
ccnﬂ°. The m23nr are
the inversicns whic
Hl;;eary concsider tn;-
tant comparison as the nearly
did not seem to affect the quslity o

riscn between a SIRS
conventional radio-

r"r-r‘tj

. =l course,
ed. War¥ and

certicnally impor-
cust cirris clouds ‘
da<a. '

W. L. Smith (1969) alsc describes the meihed Ly which
cone can convert 3IRS data tc constent
¢f termperature and geopctential height
need for surface pressure data. The fcllowing pro-
cedure was used for the map swrowa in figure 3 (Smih,
pervsopal ccr ranicaetion). Radisnce values for seversl
days pricr tc map "time” were pictted 3¢ & functicn of
pressure for correspending rasdicscnde datu. Correla-

tion ccefficients were devised and used t¢ estimate
vemperature end gecpotantiel reight date £or the mep
alony the lines which represent the satellite track. .
fe + atures and tehts Were us to modify ) rus - -
These temperatures and h? ghts were used 1i%y HOURE 2 COMPARISON OF RADIOSONDE AND SATELLITE
th2 first guess ®ield With the resuit showr. (The INFRARLD SPECTROMETER (SIRS) DATA
firss guess fiela is actually <he forecast prepared ARE anTwntin,

-
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12 hours earlier.) The Watiznal Mateorcl
incorporeting this technigue intc ine routine operaticnel temperatiure and gecpsilential
anelyses. Relative humidity profiles are tc he cbfained on the next Himbus (scheduled
early 1970 launch) . Furtrer, & =siznniug spectromeiler will chtain data on elther siZs of the
satellite track,thus dramwatically ncreasing tn2 coverage.

lcar ZTenter has alreedy iIniiiated & progran for

+11l cven tc¢ questicn Is the suitebility of gires: satellite dzts fo k4 ;
which clouds: will interlere with the dste and, hsnce, the emzunt of bl owarsis
areas, snd the =zffeci of smosthing over regions of frentogenesis. However, War
coneludz that less than 204 of the 5IRS scundings dc not meet meteorclugical siandards, that
the use cof a single insirument negates the need for “network” c¢alibratisn and reduces the
randcn errer of a map.end that cirrus clouds are not a sericus detrinent. There ic no ques-
ticn but that SIR3 data cffer the pctential for a vast improvement in the guantity end quelity
cf data for glsbal analyses and hence the ionger range forecests. T will return in sectiion
IIT C. to scme serisus Questions raised by the success of the SIES senscr.
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The Nimbus IIT als» carries szn Ilnfrared Interfercmeter Spertrometer (IR1S) opersting et vari-
cug spectral intervais in the btand from § .o 20 microns. Stiracture profiles wure belng cbtain-
ed Ly NASA on an experimental basis for temperature, water vapor, carben dioxide, and ozone.

A description of the data redustion technique for water vapor ie given by Conrath (1969). In
a ranner similar t5 the SIRS data, humidity profiles are obtained by the direct inversion of
the radiation transfer equaticn znd by & statistical esrimution requiving correlations between
radiance values and reletive humidily measured by radioscndes. Conrath pcints out that values
of relalive humidity are not overly sensitive to temperature errors, but absolute velues of
water vapcr are very sensitive to such 2rrors. The technique is alsc sensitive to fluctus-
ticns in surface temperature kecause the "wings” of the radiatisn curve were included so as

to vbtain lower trepospheric data.

What else can be sensed remctely from a satellite? Again referring to figure i, one finds
that gquantitative surface information as well as uvper air data can t2 obtained. Jea state
ig gpecifieally menticned but vne shculd alsc include sea surface iemperature, soil moisture,
end snow depth. Barnss (1962) mapprea snow ~oves from Nirmbus I infrared data and found thet
he could analyze besins as small as 10xi0O miles. He obuained gross estimates of snow depth
in three categories: Less than 1 inch, 1-4% inches and greater than 4 inches. Allison,
and Kennedy (1967) d95211ba an evaliation of sea surface Temperature reasuremenis using
Nimbus I dets (HRIR) at §-13 microns The egreement with a.rcraft radiometer and ship reports
was 3-6Y. Waraecke, Allison, and Forshee (1963) cbtuined 1-2K agreemeni using hiimbus II data
fFRIh) &t 3 h -i,2 microns. Gtaelin (1969) presenis a discussicn of how microwa": emissions
an the 10 10¥ micrcn band can be used to measure clouds, see stale, sea surface tempera-
ture, SJrf&CG erissivity, and profiles cf CH, CO, U5G, 5Cp, O, H20, end 03. These measure-
rent: cannot all he mede with the same emse or precis .on, theVeA. Microvaves also offer
the potential for classifying preclpitating and ncnprecipitating clouds. S&taelin suggests .
that microwave detection offers these unique advantages fovr remcie sensing, (1) isss affected
by clcuds than cther btands for tempersture measurements, {2) can distinguish betwcen liquid
weter and wate: vapor tc a good degree, and (3) sensitive to small coneentrations, thus use-
ful for deata fram above 50 kz. Differences between ice, snow, and clouds may bz identified
ty p:;ar;zation effects. Onz can estimete the water content of znow froz satellites. Water
vapsr has been alluded to, btubt torzl water vaper in a column can e <bileined. The U.S.3.K.
hes prebably done some work in this aree using thzlr CO840S series cof seiellites. Density
measurements are poscible, but much further 4way in time than the period of thic paper. Cne
shcuwld not overlcck albed: measuremernts, fArking anéd Levine {(1367) repsrs on
determine the eerth's albeds frow L1ite da
current satellites covers some £O% of the ;4
of Nimbus I data showed that the ca
of 1.5 (calculated being righe:).
arount <f radiatlion in * usrtldn iz
cion of the variatisns UV range, of
™

the earth.

a. The <20 mlicrcn regicn incorporated on th

)

Despiie these pilential uses, :
Thiir nrimary advauiape lies
testures, partimulariy near the surfszce,
e’fectively by methcds Zther tnan those

ng rrobleme.
Srall sesle

asureld more

o

Remote Sensing--Ground Base
~rage and the number ¢f dat
0F zllowing us to prove t d
Tzrle 3 prepared by D. T. Achesen “nd H. D. Parry, Equipment Devel
Bureau, shows a briel summery of the curreni ground ba&%j, remcte
which zre Aimed &t obtaining vertical profiles.

. Ground based remote
over that area.

{+) Radjometers. Mount, et z:,
gens '.g redietion from molecular oxygen
irg three different frequencies ¢& GH i,
energy frem three regions of ihe lower atmosvhere.
brightness temperature ~ormes frem t

Ak contributes a
frequenc1es and scme

s with other remote s2nsing techniques,rapid ch&nge
rre smoothed. The iowest or th L on




S3TICYBIOQT] YDIBaS50Y YSSE ‘LIr18Leqe] uolindedold 2ABp------'1dM
0138y @sioq o3 TIudTg-~=-=-N/S

ySed ‘193us) 231TT97 3 THIUSTULILAUY TBUCTIBN--=--J5dN

neaang JoyiueM ‘Lroisscqw] quaziorassq nusud T rby-~~-~=-707
32T103BI0QR] YOIBS5EY IBPTIYWRD I0Ivy ATVY==--TiIdV

aTTIOIg 83nTNEqy

..... e eemeeceeeoeUCTANTOSRY JO APBT-mmmmoomEoaSi T e es e mmnnmmo s (GETN) ATIOAOTRYE YIeatssudn
)
[l
z\m 9TqEIOATI____Uor3vajausd prold voon_____ . 02 DLNTOSQY==—=mmvmm== (TAM 0 ) TEDBY DTISTLIY P
uot3ed3auad PROTH PULH POYTWT AYITIY WNWLXEN 1r3oid Tosqy ( ) ; — M -
[=1
weTqOLd @2BH DWOIIHAC______SWOTN0dd 94TH 18raunted___8TiJoad aintosay J____ . (Tdn) sousosaloNTd 45 WMDY Y .m =
TB[1U8104 ‘U0 LIRTOSHY UOT3RIFBUSY PROT) THGIT  BINGINALS PITTRISQ 5 a
DATIOV. &
wwmhw>00n||:t| ||||||| ---u:-..:nw.ma.wo.ﬁnunmﬁ onIly patle R DL LT st (T JIBPBY SAEMOIITH w
reroads ‘uctinTosey 3INTOSqY D1qBUOTISSND 300138 paTIEd( N V) 13 g
m..
- IIII:OHJ‘.gHOWQm %0 .xo.m.u.mli.lIIWHHMRWWlOP.:‘_-.OWD<I'III"‘IIII U ﬂmOﬂpm‘ﬁmakuHUOIx h) llm,-.r.ﬂ.:WMMu& &
aTqmiion 3souy T0T38130usg PROTO 2T33.1 PaU300US (YSVR) T -Eat 3
N/S STABIOA®S ______oonruy ‘7O UMUTXEH--=---8TTJUId 2INTOSqy-—- (Td ‘i@ ) 3Tddog ISPy 2T35N0dy = -
HOT1EI35UBS DUOTD DOUD PaTWiT DTSR UMWTXBW- Trvid y--=( ) 7 Tmilu
{ "
L L K/S___3TI3oxd antosqy 3___(19%24q) _ 5
' FEOTTAMS- UoT38I3aUDd PNOTH STIIT]T 3INIONIqS POTTEIS]  UOT4BTAII0D~-X TBOT3dQ JUaisyoduI~ =
. wa3sAS SATIOY Twiﬁé w._
: 3o 9s( JO asnBOsg  JUISSI00Id BIBY B SIBAPITH STTIOL] SINTOS A
: JusmadUeyud §/S---~=-pajeoristudog hdmmﬂuﬂﬁnu-wmmwohpqvewﬂwoml--Amugouﬁozv GOTRETSIA05-X 9591 W
H uoTINTOS3Y uoT4BIIIUB PNOTD ITIITT _ > &
: ToT3eILSUDI .
pnot) TeTLUsIod ___ uotinTossy Jo WoeT ___ FIFFOAJ wTesAy__ . __ (IaM ‘Laandg)
STQuRICK Umouy  H0TIRITAUSJ PNOTD UTUILSIU) pIYRoNUg Konsuntpey mpcﬁoh_ﬂzn—
o e BA[TL g ]
uCTINTOSY JO HUET DTIINTS 33.895.-----..?-----?x...mhv £aqeworpey T 2

DIGEALOM UNOUY= === =i s auad PROTD STIAET  paqsoous

(unowy ST BTLJCIJ SINTOSY U FUTIOSBAN JO DITUNLI WISL A9oN FUTAFH W3skg SATIDY ON)---3A150V

330BUBADY Daseq SGOTISATNT] DASTd PUoID  OLQUIAVA 30 sanieod (TCFSFT4E0AGL) Wo3shs ERE 31q8
punotn xofen paqoadsng ATBUNIIS 0 umouwy ) -[Iu)
9 4 h 19 é s

(A1aeg *q "5 P48 UOESULY L *qQ) ONISNES LICHEE- - AYVIELS SIIVLS *C 91IQRY

L r b L b A L ok U L IS, 1 10 1 L e e e s e . . _

e e s TR Lanis i e o am e P oSS T T P FL I RSP RO WUy [ S VIO Taoupy ey

E LI

12

R o e




R

km)

.

HLIGHT

Results of radiometer, tower, and radicsonde comparisons are shown in figures b end 5. The i
sreothing of the inversion is quite evident in figure 4. Under the lapse conditions shown

in figure 5, the agreement with tower date is excellent. Radiometers of this type yield
acceptable reeulis ur tc about 2 k. The device is portable and requires little in the way
ol calibration. Relative values are possible at anytime, but a surface temperature is requir-

ed to obtain atsolute temperature profiles. i
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An experimentai iifrared radiometer has been developed for measuring the basee of clovde.

The cloud base temperature is rwssured, and the heighv is inferred from the surface *empnra-
ture and @ known or wscwned lapse rate. A microwave radiometer i1s teing developnd f£or tne
Alr Torce test ranges to measure the 1efrartive index along the ray path of a ticckiog radar.
in practice, cre relates the effective antenns temperature at 20.7 MH, to the ircegrated

B S o mand e L R i A qrmd e AP 2l ok o -
waler Vapor ¢oniLént along the dlrectivin of the antenna.

Let me digress for a moment and discuss airbornue radiometers. A number of experiments have
veen wde using airborne radiometers operating at 8-1% microns to taxe measurements of ground
ind vater temperaturez. Lorenz (3267) and Fujite, Baralt, and Tsuchira (1968) describs come
of thesz airecraf! techniques. 7Tn toth cases, they chtained surface temperetures ot 8-15C
rizher than reported air ¢epperature. The reason being that the radfometer "sees” the hot
greund rether than the relatively cooler overlying eir sensed by the conventional thermometer.
(There is tle identical probtlen with sctellite radiometers.) Aircraft~borne radloweters huve
an applicetion in earth resowrces studies and re=_earch experiments, Nowever, except for mea-
saremeuts ¢f sea sarface temperature, I Zind livtie serious consideration of them for routine
etecsological operations.

The Weather Burcuu has developed an iatrared hygrometer for measuring moisture over paths up
to 2 kn., Yhe devite can als~ be pointed at the sua to megcure the integrated we.tzr vapor in
4 column cver the instrument. 7The intensity of light tiepamitted over the pith at two weves
jengths near 1 72 microns is measured. One wovelength is attenualed by water vapor; the
othzr iz not and the differcnce in intensity ie a measure of ihe total water vapcr over the
path. This technique has application t» other gases es well as waetesr vapor. To date, the
Ik hygrometer has not been ured in voutlne obsecving programs.

(b) V.cible Wavelengthe (Transmiscoueiers and Ceilometers). Remote sensing in the

. of *he cpectrum is well zdvancad, Cellcmerers end transiiszsomerels arce the twd
22, A nuaber of atfiemplc have neon mrde Lo reasurce bechncatiered light £ov viga-
bitity mewsurements, particilerly slant ranze visibility. Vogt (1968) describes cae hack-
seatter device and suggests that witn the present state of knowiedge of atmospheric
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transmission, accuracies are about *20% for visibility. A microwave transmissometer for water
vapor measurements is descrided by Beard (1963). Three frequencies (one in the infrared and
two microwave, 10.4 and 23.8 Cd:) are propasgaed over & 3.5 ko path. Comparisons are made of
the phase releticnshivs and attenuaticn at each wavelergth to determine the dry air and water
vepor partial density contributions to ihe radio refraction. Bighly sophisticated technigques
are described by Fried (1963) and Ishimaru (1969) for studying turbulence and wind with opti-
cal systems. Frled would install an array of paired telescopes tu record the scintililation
of starlight. Computer analysic ¢f the epatial covariances would yield data on turbulence
while anslysis of the temporal ccverilances would give informaticn on the wind. Ishimaru
suggecsts using a focused beam to study turbulence and wind.

A number of devices have heen used experimentally for ceiling measurements, including a pulsed
light (noncoherent} ceilcmeter. The pulsed light device has & serious timing problem for low
cloud bases. This same deficiency exists for lasers.

(¢) Lasers. Over 20 lasers are in use Ly meteorologists in the United States on at
least & semiroutine basis. Optical radars (Collis, 1968) using lasers (LIDAR) lave been
built and operated successfully. Dust layers are particulerly easy to observe and by infer-
ence inversions, Fic 20 and Grams (1969) describe an experiment conducted in Norway to mea-
sure the height of nociilucent clouds. The Air Force Cambridge Research Laberatories have
used a laser in Puerto Rico to obtezia density measurements from 30 to 60 km. LIDAR's have
been uged to examine cirrus clouds not visible to the humen eye. The LIDAR also can be train-
ed on & cloud seen in profile to determine the cloud top.

As with the pulsed light (noncoherent) system, lasers have difficulty resolving the bases of
low clouds. Iarge light outputs for continuous operation are difficult to obtain because the
internal heat generated shortens the life of thz lasing crystals. ILeser observations ere
degraded by virga, snow, and rain as are observaticas from conventional c=2ilometers. Possible
damage to the eye is & serious hazard if the laser beam should be seen by an aircraft crew or
passengers. Despite these limitations, at least one firm has an cff-the-shelf ceilometer
vhich is portatle and gusranteed £or a year.

Lasers have also been used as backscatter sources (Brown, 1968) for visibiiity measurements.
The results were acceptable up to about 1/2 mile. Beyond that distence, atmospheric attenua-
tion was a limiting factor. Viezee, Uthe, and Collis (1969) conducted en experiment at

Hamilton Air Force Base usirng lasers tc¢ obtain both ceiling end visibility measurements. The

results were encoureging, but more needs to be done on interpreting laser return records and
understanding the physics involved.

Little seems to have been done in applying hclagraphy to meteorology. Hall and Ageno (1968)
did use a laser to investigate the dispersion of salt particles from ocean spray. A laser
was mounted at right angles to a spray plume produced by waves bresking over a rock. The
hoiographic images of the spray particles were recorded by flashing the laser onto & camersa.
An analysis of dropleti size distributicn was made by examining the resulting holograms. This
general concept may be applicable to studies of particle size distribution for air pollution
and weather modification. Since turbulence causes atmospheric density changes and hence
changes in the refractive index, laser holography may be applicable to study the scale of
turbulence directly rather than by using tracers.

(d) Acoustic Waves. 1In recent years, the acoustic ray tracing technique has been re-
fined to give temperature and wind profiles. It 15 interesting that the first reliable report
of the existence of the tropopeuse came as a result of scientists in France observing the
gounds of cannon fire at the funeral of Queen Victoria in 1902. In this instance, sound
reflection from e temperature inversion was correctly pestulated. The rocket grenade techni-
que (Nordberg and Smith, 1964) has been used successfully to probe the high atmosphere.

Little (1969) points out that few efforts have been uade to develop a good theory of sound
wave propagation which goes beyond the limited ray-tracing techniques. Little also points out
that the ecoustic refractive index (R1) is 1000 times greater than the radio RI. The slower
speed of acoustic energy (compared to light) would mesn that & better resolution of low cloud
bases could be obtained. Theoretically, cloud height could be resolved to 10 meters which
just happens to be a WMO stated requirement. Since the acoustic RI is a function of wind,
temperature and relative humidity, &ll three parameters could be deduced. On the negative

side, the energy required to preduce the sound wave is large and one has interference from
wind, rain, and solid precipitation.
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(c) Redar. Perhaps the most successful remote sensing technigue is weather radar. The
two common systems are ihe WSR-57 (Weather Bureau) operating &t 10 cm wavelength and the
FPS-77 (Air Force) operating at 5.7 cm. (Here, I consider that the CPS-9 is being phased
out of the inventory.) By 1971, about 40 WSR-57 radars are planned to be in operation (Bigler,
1968). Coverage is being augmented by using FAA Air Route Traffic Control radars; and loint
use programs are already in operation at Salt Lake City, Utah, and Palmdale, Califormia.

The Weather Bureau has also initiated a development program for a C-Band radar to £i11 the
gaps in the WSR-57 network.

Bigler also points out that the cuirent network is primarily a manual one, heavily biased
toward qualitative interpretation (RAREPS) of the radar scope by the operator. However,
quantitative data are also available. Thrcugh the radar equation, it is possible to establish
a relationship between radar reflectivity (parameterized by Z-value) and the rate of precipi-
tation (R) in the radar echo. The next step is to derive the rate of precipitation cbserved
on the ground. Results have varied widely, but for dense networks of raingages the relation
between Z-valve and precipitation rate has generally been usable.

However, Vilson (1968) poinis out that errors in calibration of the radar can cause apparent
day-to-day differences in precipitation rate of a factor of two. He alsc asserts thaet much
wore needs to be done to understand the relationship between reflectivity and rainfall rate.

At least five devices have been built to digitize radar data (Z-values). Many problems exist
such as the fact that one must somehow identify nonmeteorological returns so that these are
not digitized. Wilk and Kessler (1969) describe a system devised at tue National Severe
Storms Laboratory (NSSL-ESSA) for digitizing a radar return in real time. Another real time
data processing system is described by Smith and Boardman (1968) which is in use at the South
Dakota Scheol of Mines and Technclogy. The NSSL system is to be used this summer in a hydro-
logic experiment. Data analysis for this experiment is described by McCallister and Teague
(1968). Deta from the Oklahoma City WSR-57 will be contoured in six 2 levels, sent by slow
scan TV over telephone lines to NSSL at Norman, Oklahoma, digitized, and the digital data
sent to the river forecast center (RFC) ot Fort Worth, Texas. The RFC will prepare computer
analyses of river runoff, river state, flash flood advisories, and accumulations of water in
reservoirs. The Weather Bureau has also developed a device (Weather Bureau Radar Remote-
WERE) (Hilton and Hoag, 1966) which remctes the scope picture via slowed down TV over
telerhone lines. The WEBRR is to be used to give meteorclogists wide access to rader data in
a form cther thea subjective radar reports.

While I have described the efforts to provide quantitative date from the WSR-57, some similar
efforts are being undertaken with the FPS-77. For example, Paulson (1968) describes work
being done at the Air Force Cambridge Research Laboratories to examire rainfall rate and Z
level relationships.

I addition to these conventionsl radars, systems are available which can me:u:cure the doppler
rovement of particles along a radial from the radar (Lhermitte, 1968). The advantage of using
doppler radars is that one can examine the dymamics of small scale meteorological phenomenon.
Tornadoes, ior example, are observable on doppler radar Ly the radial velocity of the entrapped
particles, whereas by conventional radar it is just chance that the hook is seen. Three
doppler radare would be required to obtain motions in X, Y, and Z and will only be possible
for research purposes in the near future. However, Esterbrock (1957) and Wexler, Chmela, and
Armstrong (1967) describe the successful use of doppler radars to examine the wind fields of
locelized storms. This is an excellent example of how we can improve our know'edge of meso-
scale features using new techniques and, in turn, establish new requirements for routine
observations.

High powered radars have been used to study clear air turbulence structures (Hardy and Katz,
1969). Using radars operating at 3.2, 10.7, and T1.5 cm at Wellope Island, Va., they have
identified "doi" echoes as birds and insects. Echces with horizontal extent are meteorologi-
cal. Features observed have been tentatively identified as breaking gravity waves, turbu-
lence around cumulus clcouds end Benard-type cells. The feasibility of such radars for routine
aprlication has yet to be shown.

'"he Air Force has developed the TPQ-11 (0.86 cm) vertical pointing radar (Kantor, 1968) for
detecting clouds. Kantor reports that operationelly, it detects clouds enly 62% of the time
they occur (four operational sites), as opposed tc 85% under lsboratory conditions. This is
an example of the difficulty one has in converting devices from R&D ctatus to operational use.
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Radars have alsc been used not as radars, but as data collection or revrievel systems. The
Weather Bursau experimented with a device for interrogeting remote raingages. The coded

data were displayed on the redar scope at the location of the gage. We concluded, however,
that this was an inefficient use of the raday. Some countries use their weather radar for
windfinding with s radiosonde balloon-borne target. Here, again, we camnot afford to tie up
our radar for i % tc 2 hours tracking a balloon. Booker and Cook (1968) desecribe a transpond-
ersonde which can be deployed from an aircraft in & storm and tracked with a radar. The

sonde is suspended from a superpressure balloon and records temperature and relative humidity.
The sonde is interrogated by the radar which also provides position dite.

(3) ‘“Conventio s1" Upper Air Observations. The radicsonde has beeu with us from the late
1920's. Tre £7u«-558 was introduced in 1943 and is still in use in tne Caribbean. The GMD
and WERT -oneopts were introduced about 1948. Development began in 1954 ¢n the GMD-2 tc be
used wit’ trensponder for slant range measurements. The autcmatic deta processing version
of the ML 2, the @D-U, dates from the 1961-1963 time period. During the last 20 years,

the baroswitch haes been augmented by the hypscmeter, the rod thermistor has been moved from
inside the sonde to an outrigger, coatings were applied to the thermistor to reduce radiaticn
effects, and several different chemical compounds have been used for the hygristor. Leviton
and Hafford (1969) give a review of current upper air sounding systems.

The Air Force Cambridge Research laboratories has made feagibility demonstraticns of an
advanced meteorological scunding system incorporating a ranging capability, improved radio-
sonde, and a digiial computer. The Army has developed a combined system (AN/I4Q-7) which
uses an x-bard radar for ranging and 1650 MH, fcr obteining the thermodynamic data. The
Weather Bureau has flown feasibility flights of a modified radicsonde equipped with &
Loran-C receiver. Ioran-C is a navigational system which uses & master and several slave
stations. At the receiver, space position can be determined by the phase relationship of
the waves from each Loran-C station. Absolute position accuracy is not necessary as wind
data are obtained by an incremental change in positicn with time. This is dependent upon
how accurately one can measure phase differences. The resuitant wind accuracies using the
Loran-C systems eppear to be better by almest an order of maegnitude than tha WBRT or (D
sccuracies. Omega (& navigational syctem similar to Loran-C) wind accuracies appear tc be
comparable to the WBRT or MD. The advantages of using navigational aids are the increased
accuracy particularly at low elevation angles and the elimination of antenna angle tracking
errors. The largest disadvantage is that the navigation system is not under the control of
meteorologists and could te changed so &s to serisusly affect our operation without cur
approval.

The AFCRL has developed a low level sounding system for use on the national tecst ranges.
One version is balloon lLorne and the other is ¢~~ried in a smali COp propelled rocket to
about 3,000 feet. The rocket returns to earth on a parachute, and data are obtained during
descent. The system is reccverable for reuse. Sampling rates on both versions are 1 per
second so that detailed low level structure may be obtained.

Several research low level sounding radiosondes have teen developed. Each is balloon borne
with either fast commutaticn rates or dedicated channels for each rarameter sensed. Kobayashi
(1967) descrirns a light weight system using a glass bead for fast response and & windmill
for height. 1 :ight values are reported to be accurate to ¥ 6 meters. Gjessing (1968)
describes & device using a thin platinum wire for temperature and a piezcelectric rescnator
for humidity. In these last two articles, the authors emphasize the need to match senscr
characteristics to the sampling rate for low level soundinge.

At the other end of the altitude range, major asdvancements have been made in attaining alti-
tudes up to B0 km with scunding balloons (Nelson, 1966). At present, these ballcons tend to
be costly and larger than that desirable for routine use. However, advances in balloon mznu-
facture will make soundings to 40 km economically feasible before 1975. I return to a theme
that I have expressed elsewhere; we have vehicles suitable for & variety of purpouses; we
lack suitable sensors. This is particularly true if we are to hzve routine balloon soundings
from the surface to 40 km.

Earlier, I mentioned the need for international standardization. Hinzpeter (196€9) cites 10
different sounding systems that are used worldwide for upper air measurements. W%orld Data
Center A (meteorclogy) lists data from 21 different radiosondes. The differences primarily
are 1in the method of maeking measurements cf the thermodynamic parameters. For example,
temperature is measured by bead, rod, or wire thermistors and bimetal coils. The disparity
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in the accuracy of systems being used vy various naticns has besen pointed out by Finger,
Harris, and Teweles (1965). Tney suggest that the true diurnal variation a* 10 mb is abcut
1C, but that dey-night differences for some sensors is several degrees Celsius. The distri-
bution of these differences cften follows national boundaries, highlighting the problem of
aralysle in areas such as BEurcpe.

(&) Constant Level Ballosns. At levels above the clouds {about 10 km), the constant level
bal*son has been successfuwr. Lally (1969) repcrts flight durations of i5 months and wore.
Up 5 10 km, icing on the balloon has reduced the lifetime to as shert as a few days. 1In
the pericd 1969-197C, the French are planning a southern hemisphere experiment termed EOLL
using 500 constant level ballcons. The balloons will be interrogated from a satellite for
position data from which winds will be derived. The United 3tates is planning a similar
program using 30 ballcons in 1970 from Ascension Island. The Naticnal Center for Atmospheric
Research and NASA are planning a 1000 balloon experiment in 1973 for the troplczl strato-
sphere. Ballcons used for this letter experiment will also have a rtemperature sensor on
board. Here, then, is a third ccncept (remote sensing of all scrts end redicsounding are
the other two) of taking upper alr observaticns.

(5) Airersft Observations. Aircraft observations (APOB) predate the radiosonde. The Weathe:
Bureau began with one APOB staticn in 1925 (there were alsc six kite stations then) and in-
creased the program to 30 in 1937 when the firest radiosonde station became coperationsl. The
last APOB station was desctivated in 1943.

One can identify three categories of use for aircraft in meteorology: (1) Recesrch plat-
forms for cloud physics, turbulence, and &ir pollution investigatioas, (2) weather reconnsais-
sance, and (3) pilot reports (AIREPS). Projects Stormfury and Tornadc Alley are perhaps the
two better known research applications using aircraft tc investigate the meteorology of
severe storms. The aircraft are generally equipped with advanced instrumentaticn, coften
experimental in nature, and usually have some sort of data processor on board. Klieforth
(1967) describes the types cf measurements desired and their accuracy for meso- and micro-
scale flight investigations. The National Center for Atmospheric Research hes devised a
sophisticated system for messuring temperature, hunidity, drcp sizes, turbulence, and obtain-
ing rediomeiric date which is telemetered to a ground station for processing (Dascher, 1957).
A description of the instrumentation required for clcud physies studies is given by Pettit

(1967).

Perhaps the most elusive metzcrological phenom:non is ciear air turbulence {CAT). The liter-
ature is extensive on this subject. All resulis pcint in the same directicn, CAT can be
measured once found; but it is difficult to anticipate when it will ccour. Hicks (1967)
descrives a combined aircreft-radar project to relats radar echces to CAT occurrence. Reiter
(1967) points cut that aircraft can explsre the energy spectrum with wevelengths between 50
meters and 160 km. He further points our thet we need to know mcre about the eddies with
dimensions less than 50 meters if we are to understand the mechanics of CATL.

The primpary methced of measuring CAT is with an accelerometer mounted on the aircraft. Usually
the asircraft are specifically designated for research, tut Hunter (1968) descrites a project
during which he cbtained datz from three commercial jet aircrafi. Eastern Airlines, in a
press release of July 196k, describes a company sponscred project whereby an infrared detea-
tor measures the tempecature gradient ahead of the aireraft (20 or sc miles). A signal is
given when the gradient exceeds a given level, and the rilot is supposed tc meneuver to
aveid the erea of inferred CAT. I have nol found any published resuits of the Bastern test.
An AFCRL study to sense temperature gradients es an indication of CAT (McLeesn, 1365) proved
inconclusive. Axford (1968) describes a method of using an inertial guidance system to mea-
sure directly gust velocity. While many cf the sensors used in turbulence and cloud physics
experiments are "standard” and available "off-the-shelf,” there are no routine programs in
cveration to systematically observe parameters related to either area.

I should menlicon at this point that aircraft heve been used to make rcutine cbservations for
air pcllution purpcses. Fixed wing aircraft have limited use, but helicopters have proved to
be useful. Temperature and relative humidity probes have been flown successfully and several
routine sounding prograns are in operation.

The second use for aircraft is for weather reconnaissance, Bcth the Navy and the Air Force

fly preplanned missions for this purpose. Partvicipants at this conference ere well awsre of
the details of this program. The Air Weather Service has askeq for improvementz to their

by




-r

. -

e

:
13

P RN A R A

I TR B0 Wt S

Qlt i

Calatel

Lar it

e

system, primarily in terms of cbiaining thermcdynemic date above flight level (by rocket-
sonde) and wind data below (Kahle, 1967). The gereral feasibility of obteiniug rocketscnde
data above the aircraft and wind data below has been deronsirated. Hcwever, the successful
operational employment of either concept has yet to be mede.

Voluntary aircraft reports (AIREPS) are, of course, familiar to each of us. The Weather
Bureau has recently been successful in almost doubling the number of usable ATREPS at the
Netional Meteorological Center by eliminating comrunication bottlenecks. The mejor problem,
however, remains that some routes are overccvered while whole areas of continents are not
covered at all. Better communications can cnly provide minimal improvement. Fletcher (1369)
describes in concept & system for asutomatically collecting data frem aireraft vies satellite.
Seversl suggestlons have teen made over the years tc place automatic sensors on board air-
craft; but for varicus reasons, little has been done. However, the advent of jumbo jets end
superaonic ajrcraft substentially increases the commitment of an sirline. Hopefully, one
will find & more receptive attitude to autometic meteorclogical sensors on board commercial
eircraft.

(6) Surface Instrumentation. Surface instrumentation is usually neglected in R&D progrems
except where it directly affects aircraft operations. There seem to be two reasons for this.
First, many or the sensors such as barcmeters, thermcmeters, wind vanes, ete., are consider-
ed to te "adequate" for our general needs. I should add that several are nci: For example,
the measurement of precipitation type, amount, and intensity. Second, radar, satellite, and
upper air development programs usually have higher priority than programs for surface instru-
mentation. I will only cover two aspects of surface instrumentztion develcpment in this
section: Portable stations and merine. The foremost problem cf surface instrament~*‘on iz
automation, which I will discuss in the next section.

Several portabie (usually hand held) stations have been developed for use by the miiitary.
One such system was devised for the Air Force by AFCRL. There are two segrents: A surface
staticn and a PIBAL station. Each segment weighs 5 1bs. and is self-contained for use by
one person. The surface segment can be used tc measure wind speed ¢ .4 direction, tempera-
ture, pressure, humidity, emcunt of precipitation, and cloud base (clincmetar). Tne PIBAL
segment contains charged cylinders for 10 gm ballcons, thecdolite and a1l necessary tebles.
B. weiss of the AFCRL has fabricated several sets of thece equipments to be evaluated in air
polluticu programs.

I will touch ~nly briefly on marine and oceanographic measurements., Marine metecrolcogical
cbgervations consist of raob soundings using a& 403 MH, system on some 20 merchent ships and
relstively crude surface observetions on some 200C other vessels. Surface pressure, texzrera
ture (air and water), and relative humidity are measured by instrurents. All other surfzce
cbservations {winds, waves, weather, etc.) are estimated. I know of nc United States efforts
to Iirprove the celibre of e rouiine, surface marine cbservation. Signiricant advance-
ments are being made for researcn purposes, however. The Weather Bureeu hes ccrpleted devel-
ongent of a stabilized antenna for upper &ir windfinding at sea. The use of navigationsl
aids for windfinding (loran-C'/Omega) is alsc applicable.

A Meteorclozical Oceanographic Surfece Data Acquisition System was develicped by the Resesrch
Triasngle Ins*itute for use during BOWEX (Shinners, 1969) tc include a 32w cell, tnermistcr,

infrared radicrmeter, wind anemometer and vane, solar pyramrometer, and 2 bead thermistor for
¢+ .urface temperature. Alditional data are recorded on vessel movement, etmospheric

hol sure, time and the virually determined elements cf cicuds, weathar, visibility, and sez

state. Thece and simi:ar systeme are much too sophisticated and costly for routine network

cperations. (Observations from buoys will be covered under the scctfon on autcmation.)

This hurried ireatment uoes not adequately cover the coniinuing work being done on radiation
integrators, viscous damped wind vanes, hygrothermcmeters, insiruments to be used as stan-
dards fcr humidity and pressure meesurements, improved rain gages (there are some eight
different types which should be calibrated and perhap: standardized}, and snow depth indica-
ters. I chink it is safe tc say, however, that the work being done is of long standing
duration and is at a relatively low level of effort. The results will improve existing
technigues and programs, but wiil not seriously aiter the future data acquisition system.

G. Autcmation of the Surface Observetion. Our primary goel in automation has been tc
devise a system which will take e complete surface cbservation "untcuched by human hends."
There are two basic reasons why the goal has not been reached: (1) We bave tried to adapt
for use with machines, senscrs which were originally designed fur humans, and (2} we have
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tried tc dsvice a machine which would obtain observetions according to criteria based on
human cepabilities and limitations. A msjor reference for understending the role and status
of automatic statiecns is WMO Technical Note #82, 1966. It centains the Proceedings of an
International Symposium on Automatic Stations.

One may define three categories of sutomsatic stations.

Type 1--Date Logger. Records information from sensors. No display of date {except on
the record which may be magnetic tape) and no communicaticn capability. Fixed data rate.
Usuplly d.c. operated.

Type II--Intermiediate. Accepts data from sensors. Deoes simple processing such as wind
averaging. Ceapability feor manual input of daste. Optional capability for local output via
displays < printed record. Communication usually by redis or longline. Fixed data rate.
May vary rate by simple adjustments to the station. Usually &.C. opersted.

Type III--Advanced. Accepts data from sensors or manual input. Displays information
lccally. Advanced level of datz processing for varicus statistics and climatclogicel records.
Can be prograrmed for a flexible cdata rete. May program itself tc t2ke specisls when condi-
tions warrant. Communication is via radic or longline.

(a) Type I--Data logger. Daiz loggers rave their primary spplicetion in agricultural,
hydrolcgic, foresiry, c¢limatolegical, and relgied programs. Their purpose is primarily to
monitor the clerents at specified intervals and to provide & reccrd. As with each of the
cther types of stations, the proper design of the sensors is more of & problem than the con-
struction of the recording spparatus. Feitschen (1969) discusses specific problems of instru-
ment design such as converting frorm analcg voltages to digitel, sampling procedures, end
scaling the signals into physical units. Rider (1969) rrovides a resume of the data loggers
which are in use. Single parsmeter recorders are available for operation from batteries for
periods up to 12 months. Records are r:de primarily on strip charts, usually pressure sensi-
tive to avoid problems with ink. Recently, megretic tape cartridges have been adapted for
use with simple data loggers. This procedure provides for automatic date reduction at some
central location. Sumner (1965 and 1966) provides a <escription of long period date loggers
for wind (speed and directicn) and duration 5f sunshine.

Simple date loggers are avsilable for up to nine elements, all recorded on magnetic tape
(Strangeways and McCulloch, 1965). Most uses, however, reCuire that only 3-5 parameters
be measured. sides tire meteorclogiczl parameters, varicus sensors are available for
radiation messuremenis, scil temperature and moisture, leaf wetness, and air pollutents
including toth chemical and particulete metter.

Develcpments underway are simed primarily at providing climatclogical data on 5-7 parameters
cr unattended periods ur tc 30 dsyvs at & cost of under 500 per unit. We arc o long way
from reaching this goal.

{v) Type Ii--Iulerwcdiale. The distinguishing features of this type siation is that
real time ccrmunication is possitle (as opposed to no cormunication for the Type I) and
data processing is limited to simple tasks such as a time average for wind speed (Type III
has the capebility for more sophnisticated data prccessing). The Weather Bureasu has develop-
ed a Type II staticn named the AMOS ITI-70 (Hexter and Waters, 1968). The parameters mea-
sured are pressure (altimeter), te:ymrature, relative humidity, 1 minute everaged wind speed
and direction (viscous darped vane,;, and rrecipitaticn accumruiztion {tipping bucket). Given
suitable sensors, the capability exists to add-on precipitetion occzurrence and type, visibile
ity, and cloud informaticn. The station Is a.c. powered and communicates vie standard FAA
teletypewriter circuits. An opticnsl module is availahle for the manual input of ceiling,
visibility, obstructione to visicn ard remarks. Manual input data may be inserted at either
of two locations enabling one to transfer responsibility to the tower under certsin circum-
stances. A module 1s to bte develcped for a tocal, visuel display of the date.

Several commercially evailable devices fitting the general description of Type II stations
are d=scribed by Hexter and Spivey (1969). Tre communication and data processing portions
of these systems are well advanced, but the senscrs are generally inadequate. One system,
designed by Packard Bell, is in use at 10 locetinns in New Yok City for eir polluticn pur-
poses. Another system produced by Hy-lel (Thiokol Chemical Companyg is being used by the
Weather Bureau +. relay dats from precipitation stcrege gages near Sacramento, California. A
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A third station has been developed by Motorola. Various combinations of this latter system
are in use by the Atomic Energy Commission, Corps of Engineers, and Bureau of Land Reclams-
tion. Each of these three trancs it date via VHF radio. Communication mey elso be by land-
line. Interrogation can be autcmatic or on demand. The data can be automatically preocess-
ed at the base station or manually reduced depending on the amount of money one wants to
invest. Power sources are usually d.c. Several models are available which have propane
generators to charge the battery. An expendable station part way between Types I and II
(Bardin, 1966) has been const:ucted at AFCRL. I% operates on a battery for about 2 weeks
telemetering informstion via VUF radic (range is ebout 50 miles). The station is mounted
on a "spear" which implants itself in the ground after being dropped from an aircraft.

Table 4 indicates the wide range of capabilities which could be built into & Type II auto-
matic station. The AMOS III-70 is taken as the "typical™ Type II staticn. Percentage
values in the body of the table refer tc that part of the *otal number which should have the
associated capability.

Table 4: Potential Capabilities of Type II Automatic Weather Stations

i . j H’; . [ Uses
£y EEE: 3 ;
Observational Elements évg a § g g v 3 b X £y
or Modules =57 &8& RN & 2 4 A
113 100 200 300 200 <00 2590
Total No. Required (WB) est.) | (est.) est (est.) | (est.) | (est.) (est.}
Processor X X X X X X X
Pressure (Alt. Set.) X X X 10% X
Pressure Tend. 30% 30% 304 10% 30%
Temp. X X X X X X X
Max.-Min. Temp. 10% 109 10% 10%
Dewpoint X X X X X X X
Wind Direction X X X X X X
Wind Speed X X X X X X
¥ind Gusts X X X X X
Precip. Amount X X X X X X
Precip., Yes-No X X X X X
Precip. Type X X X
Snow (Water Equiv.) ¥
Snow Depth X
Manual Input & Remarks X X
Visibility X X 109 204
Cloud Ht. X X 1
Conc. of Pullutants 60%
Fuel Moisture ) X
Water Temp. X X X
Wave Ht. X X
Tide level or River Stage X X X
Envirommental Protection X X
pifficult Installation 109 10%
Remote Package (RAMOS) 10% 10% 75¢ | 10% 75% 1009,
Radio or Telepnone 10% % 10% 10% 75% T5%
Visual Displey X 904
Recording of Data X X X X X X X
20
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A variation of the Type II station is described by Aronsson (1969). This syster has a
central prograsmer which autometically "diels" the telephcne number of each station and
receives the message as a series of tones. The tones are processed into a meteorological
data message and are used either at the central site or transmitted over the weather tele-
typewriter network. This system is being inetalled in Sweden tc cover the entire country.
The elements measured are pressure (aneroid stack of 12 cepsules), temmerature (platinus
resistance thermometer), hamidity (hair hygrometer), wind speed {cup anemcmeter), wind direc-
tion (mechanically damped vane), precipitation (tipping bucket), visibility {backscatier
meter), and clcud amount (scanning infrared raiiometen%. Several similar systems are in

use around the Unitecd States which interrogate sensors vie telephope. Tide, river, and rain
gages, end wind sensors have all been connected tc such systems. The Weather Bureau hac a
system called Automatic Hydrologic Cbzerving Systen (AHOSB which is used primarily for rliver
and rein gages.

(¢) Type ITI--Advanced., The advanced automstic weether station concept is to duplicate
completely the surface synoptic observaticn. The main difficulty is the provision of infor-
maticn on subjeciive parameters: Ceiling which represents both cloud cover and cloud height,
prevailing visitility, and obstruc.icns te vision. The AN/FMQ-5 was developed for the 4ir
Force to meet this gosl and the AMOS-V was developed by the Weather bureau for the same
purpose. In both versions, extensive field trials showed the inability of the sensors to
provide the information required.

(d) Marine Automatic Stetions. The two best known meteorological buoys in the United
States are the NOMAD (U.S. Navy) and MAMOS (Weether Bureau). (I will not consider predonin-
ately oceanographic bucys such as those being developed by the Coasi sud Geodetic Survey.)
NOMAD is in cperation in the Gulf of Mexicc reporting each 6 hours. Signals are sent by
Morse code to a shore station where they are processed into meteorological data and placed
on the teletypewriter network. MAMOS wes similar to NOMAD in its sensOrs and basic concept,
but the data were to be sent in the international meteorological formet over radjo teletype-
writer for automatic entry on the national system. A number of design and construction prob-
lems arose with MAMOS. This coupled with the recent decision to incorporate national buoy
activities under the Cozst Guard resulted in the Weather Buresu decision toO terminate the
MAMOS program.

Various development activities are being conducted in the Coest and Guodetic Survey, Navy,
and National Environmental Satellite Center to develop specialized buoys from which meteoro-
logical data will be cbtained. The so-called "Monster Buoy™ is being used to replace Coast
Guard light ships, and w> will receive meteorological date from these providing suitable
senscrs can be obtained. Because of their cost and muintenance requirements, few monster
buoys will be used in the near future. The recent success of the 7-foot discus buoy built
for the National Envirommental Satellite Center offers a pctential for large numbers of
relatively cheap platforms which can be interrogated by sateilitec, procviding suitabie sen-
sors are designed.

The heart of the United States buocy program is the National ta Buoy System to be designed,
built, and tested by the Coast Guard. The current status is that a gystems study has veen
completed. The study report (Systems Development Corporation, 1969) cortains a compilation
of data requirements, varlcus system configurations are evaluated, and the directicn to te
taken for equipment development is recommended. Equipment requirements are heing prepared
by the Coast Guard. A prototype system of some 30-50 buoys is to be tested in the 1973-T5
time period. A full program of several hundred buoys 1is planned for the late 1970's. Fund
requests have been drastically cut, ard it is likely that thesz 3 goals will not be met.

A number of questions have yet to be resolved, such as how does cne obtain upper air data
which are more important than surface observations over the oceans? Tae Navy has experiment-
ed with launching smali rockets from floating platforms to simulate buoys and this may be

the answer.

C. Summary--What are we doing to improve the system? Worldwide data acquisition programs
are expanding in terme of total observations taken and tre quality of the data. Serious
equipment deficiencies exist, and development programs have been initiated., The deficiencles
stem {rom many sources, but might be generalized by the statement that we continuelly rejuire
the sensors to provide information beyend their design rapability. Throughout the system, &
major problem is one cf sensors not being adequate for <hanging regquirements. Further,
recent tachnological advances in deta processing and electronics have caused us to take a
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critical lock at systems which were designed some 20 or more years ego. Too often "new”
systems have really been new data processors or new communicetion devices tied ¢ "oid"

sensors. But, this fact has been recognized, and cone can find increassd ermphasis on senscr
design. However, we have & long way to go.

As for development of upper air systems, the successful demonstraticon of satellite
temperature profiles hus created a situation which brings tc the fore the question
relative roles of remote vercsus in-situ measurements.
are also being pursaed, and the combination of surfac
seems to be a logicAl one to purs.ie for the 1970's.

remste

cf the
Indirect soundings {rom tne ground

e Laced end satellite based sensors

The increased ermphasis on aperiodic deta

certainly raices basiz qusstions con the requirements fcr synoptic date. In fact, the need to

restate cur requirements for data is critical if we are to properly evaluate all the promis-
ing systems which are available to us.

Surface automation nearly still boern in the 1930's
is undergoing a new resurgence of life.

Once again, however, we neei to define very precise-
what each mutomatic station s to do in terms of real data outpuz, and we must design our
’

censors Lo match the capabilities of a machine not & man.

During the next few years, it is not difficult to forecast that & new low level sounding
system will bte developed based on either an accusiic or microwave radiomeiric technique, the
use of navigational aids for rawinscnding will Te completed, radur data will be enhanced by
digitization, automatic stetions suitable for all uses excert the duplication cf a synopiic
or avia*ion observation will be available and bucys for netwerks {us opposed to research use)
will be in the water urder test. The real urkaown ig how much money will be availgble t¢
purchase any of these devices for routine use? I have nc inside answer to that questicn.
Therefore, the forecast in the next section wiil be made through a crysial ball clouded hy
financial uncertainties.

Before I make the forecast, however, let me philosomhize on a serious managerent

my considered opinion, the most crucial issue that we must resolve is the one of
pricritiec.

problem. In

relative
I hope it is obvicus to the reader that there has been proposed a muitiplicity

of sensors, concepts, systems ideas, gadgets or what-have-ycu fcr nearly every metecrclogical
observing problem that we have. fundamental question is where do we put our limited re-
sources, both R&D and operational? We must first answer the question, what are the true datz
requirements? Virtually el3l present metecrological requirements are stated in terms ¢f equip-
ment or are based cn the assurption thet certain equipment is availsble. We negd answers to
such Qquestions as wha! are the relative roles of satellite and radissondes, of rzdar end
satellites, of satellites and surface staticns, and cf radar and surface stations? Having
satellite scunding data, can we terminate routine ralioscnde observaiions at 300 mb and make
soundings tc 10 or 5 mb with precision instrucents at only & few locatiors? If sc, what

does thls imply for our ongoing upper air developmant programs? Can satellites provide

enough cloud information to cupplant surface observations of clcud type and amouni? Are

buoys requircd or can satellites and ships of opportunity provide sufficient data over the
oceans? Cun radars provide all the information reQuired on precipitztion type or awmc.ni, <r
botni Some of these questions are of long standing duraticn.
partially answered, often from parochial viewpoints. But
of minimum as well as maximum data needs, irrespective of
Each analysis of data requirerents tesgins with or depends
quisition systems. I suggest thaet tle first task for the
needs and priorities.

Others have been studied and
novhere can I rind a basic statement
how the datz are to be cbteined.
upon a study of svailable dats ac-
1970's is a reeveluaticon of dats
This 1s a task, I fear, which may nct be dcne,
IV. What Systems Will be Operational in the 197Q's
(...the future might be read in the past...)

A, General. To tkis pcint I have covered the majcr challerges tc be faced in the field cof
date acquisition. Briefly restated these are:

(1) Glcbal, long range forecass
(2) Mesoscale, short range Poreceste
(3) Side efrfacts
a) cepitalize on technology {d4) determination of accuracy
(v) standardization (e) wuse ot speriodic dstz
(¢) calibraticn
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I have also discussed szome of the R%D programs direcled townrd meeiing these challenges.
Srphssis Is being pieced on

) Remote sensing

) Upper air sow-dings

) Redur, particularly obtaining quantiiat!ve data
) Autcmation ¢f the surface obeervaticon

£ number o deficiencies have bee: noted in both our current system, and the directior that
cur R&D eff'orts sre taking. Unrescived problems center araund:

(1) Sensor devaisprant, uppe™ air sonndings and surface automatic
statlions

(2) The reietive roles of remcte ani iu situ observations

(3) A reevalus:icn of deta requirements
In prepearing f i LS apving to frllow the 2staolished trend. Since mete -
orolegy becam : ; atury, the trend has been to add slowly to exist-
ing facilitie rtion tnaf one <=f the p!llurs °f this forecast is
that we have and which will be added <o in a ccnservative

ink it we u;ﬂ te dengercus to forecast according
‘win developments of remcte sensing and watnmaticon
endirg the trend upward. The mal).r changes made in our
esult cf these wwo developments.

fye +

=R )
o
w
«
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imetes cf System Carability. Fs menticped ¢erlicr, Annex I contains estirates of

2l anticipated cbearvaticna. accuracies. Teppe‘-( %3} prepared the deate in csbles
whick scupplement Arnnex I, Ia table 5, be suggestec one wiy in whick halloon and sat-
s pight te rombunec tc provide the date required oy GARP. Tepper gives or

f the capsbility of such & sysiem to meet globel forecast requirements in table
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Thera ic 1i Annex I and tables € an2 £ a3 ihey are cstimates based on

the best 2 abl: at present and suffer from ell the shorcteomings of that infor-
raticn., I d i‘ tbesa tables extensively tc sor® out end classify,
filter, if you wil ons of new systems which nmight exist in the 1970's,
Ths resalt of that iltering process is conualned inn the next section, The Forecast.

The datc acquisit.cn system cf the late 1970's will rely heavily on sat-

Lety the general nceds of the Naticnzl Meteorological Center. A system o¥

in crrhit ek verticel scunding deta ac vell as cloud nformgtion.
¥ will have subs:antlelly the sarme number of staticns, but the purpose

> provide reference dulsz Therefore, the freguincy of cbservation will be

l"h1~ frpquenuy‘

.J

e asugmented, Or request, <o provide detailed
ilile duta. Wrile the overell freguency of cb-
tions din the imited Sistes coerduct that
with yrec:s;Oﬁ radicscndes. Movile rawin Qtdtlunq (asing
wiIl be in uze vo provide = dzise network :
nd along the ccasts during the hurvicare "sesson.” Remote low
in ¢peraticn in at leest 30 nities Yor «ir pellyvtion adviscu-
~ughout, the rzJinsonde prograr. (2ncaviing low level protiles) will
cint that cnly one cbserver will oe required. A; PSS will be ccollected
ily from alrc*aft. Te AIREP %ill include informacion on ucsilion, height (or
€SsuU *tltude), tempersture, wind, and turtulence. I believe that lorizontal sounding
ballaons will be used i iy for research prcjects since they are nost effective above
¢

cicud levels znd o copesition fer satellites.

further asugmented by a few bucys placed in strazegic lo-
sper air daie telow cioud evels cver ihe oceans. The OSV's {for
1 ship radicscnde program will be rhased ou® toward the end of

The radar progren will be greatly augmented by the intrcduction or 2 limited basis of conm-
corpocited charts iscpiethed for Z-levels Digital radar date will te distributed
: iines, Further, 2 fnw (5-10) dcrpler radars will be in existence
analyslis of olher 1o2al, zevere sicrms. A C-band radar system of
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Tablie 5. SUMMARY OF PROVOSED SPACE-BASED SYSTEM I'OR EARLY GARP FXPERIMENT

Dara - Satellites Balloons* ; : .
! ry
Saun-synchronous Equatorial cr ’ i
Geostationary Tow-altitude Low-inclination !
1. Wind Visibdle and IR FCLE-type asad/or |EOLE-type and/cr | 600 at 200150 mb,
scanrers for high | diftferential differential tropics, mid-lati-
resolution cloud | doppler tallcen doppler halleon tudes; 300 at 850 i
observaticn at lozation system location system mb vropics; 100 ’
. frequent intarvalg special
é 2. Teampera- (possibly TR Maltichannel IR The rmistor
§ ture svurders ror tem- | and microwave s--
L perature profiles | spectroradiometer
: for temperature
. profiles
{ 3. Reisrence ——- --- - Pressure height
S Pressure {al 200-150 mb)
§ k. Water Vaper - Microwave sound- — Questionable
f er for “.tal water
: vapor; possibly
i additional IR
B chennels for water| -
é - vepcr profiles
: 5. Cloud Cover | Bigh resolution, Hign resolution, .- com
b end Cloud two chunnel IR/ two channel IR/
: lieight visible radine vieible radic- ,
! meter meter -
; 6. Data Coi- VEF cr URF trans- | VEF or UHF trens- P— -
: ____Jection ponder ponder

*Constant level ralloouns

Table €. ANALYSIS OF DATA SUPFLIED 3Y PROPOSED SPACE-BASED SYSTEM

Lomain Resolution Accuracy

1. Winds from _?Szllevel tropizs (posci- [ == L0O0-500 kx

Satisfactory
Ba'loons* Viy also subtropics

High-leve® tropics May be poorer than L0O km und Satisfactory
=85 balloons replenished

cwuring experiment

Lew-level extra topics None proposed

High-level midlstitudes ~= 400 lon

High-level high eltitudes | May be satisfactory ir suu-
mer polar hemisphere if
suitable lauach lccation
used; winter rolar cap pro-
bably not possitle

Satisfactory

Satislectory

from Cloud Tropice and midlatitudes
I'isplace- wherever suitable clouds : o
menit exist | ) -

Not xnown yet ~ 2 m/sec

(centinued) |
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Damain Resolution Accuracy

2, Temperature | Low-level tropics LO0-5CO ¥am 0.5C
Balloon High-levcl tropics and May be margiral in tropics 0.5C
midlatitudes but good in midlatitudes

igh-level high altitudes | May be setisfactory in
sumer polar hemisphere

1f suitable launch location
used; winter polar cap pro-
tably not possible

Vertical Microwave may give Acceptable in horizoental; +2.,0C
Soundings essentially global only 3-lb degrees of freedom
soundings toc surface or in vertical in troposphere

to level cr rain clouds;
IR sounding: give qrasi-
glcbal to surfuce or
cloud level

3. Reference Tropics, midlatitudes Adequate 10 m with radio
Pressure (over oceans enly) altimeter
Bailoons _—

. Water Vapor | Glotal Horizontal resolution good. -—-

No vertical resolution {tot-
al content)and over oceens
only with microwave; two
layers above clouds and in
ansence oY cirrus with IR

*Constant level belloons

some 20 stations will £il1l n the WSk-57 network east of the Rocky Mountains. However, a
major unresvlved problem will be the calibration of the radar network, and this will retard
the nce of rationzlly digitized and processed daza.

Complete surface reports f£or nonaviat’ on purposes will be in the process of being aulomated
on a systematic basis by the middle 1970's, Automation for specific programs such as hydrolo-
gy will be well advenced. The data requirements cof avietion in the temminal area will have
been ravised so a5 1o permii complete automat on, bul the R&D program will not have been com-
pleted by the end of the decade. Highly versa.ile, "expendable" automatic stations will be
svailable aad ir use for seasonal programs such as fire weatner forecasts, egriculture, or
marire forecasts. Dense, but lcceiized, netwerks of stations reporting vie radio or telephone
will be in cxistence zround the 30-5C mest populous cities, Thic latter will alec henefi¢
aviatioa terminel furecasts.

The surface observing progran will make use of the luser ¢r another high intens:
source for uviation chservations. The parameter may be called slant visual range ©r sonme
sther tema, but the parameter measured will be the Aistence the pilol can see along his land-
ing peth. In sddition, development will be progressing to adapt the laser to 1ow level wind
shear measurements near airpceris.

Or *he Internstional scale, srmall buaoys will be in limited use for surfece anG subsurface data.
In particuler, th= coastal areas of the United States will be covered with upwards of 100
small buoys. Questions of relative cost versus data value willi still bte unresolved for a

de networx ¢f busys. Therefore, I foresee a lirmited number (less than 25) of large
tucys capable ~f taking both upper zir, surface, and subswrface Observstions. Merchant ships,
o course, will be teiter equipped; but the instrurentation for surface cbservations will lag

sr behind land stations. There will be a significant increase of subsurface data from mer-

chant ships using the expendablie bathethermograph.

¢. Conclusion. Thne final conclusion is that the 1970's will be = time of innovation and
serious questlioning of how end why we take observations. It will alsc be a time of initial
implerentaticn ¢f networks of "nev' devices criented specificelly tcward the mesoscale Tore-
cist problem. Tor this we can thank remote sersing from beth satellites and the surlace.
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Remote sensing and automation will be the two areas of major change. th will provide fcr
greater coverage, but the demands on comrunicaticns will be severe. Finally, the msjor
unknown in my "forecast equation" is the support we will receive from Congress. This is a
problen of salesmanship on the part of all of us.

Annex I

Current or Anticlpated Accuracies of Upper Air Observations

Geostationary Satellite (current).

EMS error for vector wind of 10 knots for clouds at any altitude. Speed will be mea-
sured directly from cloud position on ccnsecutive photographs from geostaticonary satel-

lites. Cloud altitude will be determined from infrared measurements of cloud temperature.

IT0S Satellite (1975) and Nimbus ITI (current except for item 5):

Observational Accuracies of Meteorological Parameters for Nimbus Series

1.

3.

L,

£
e

Terperature Soundings

1-2°K from 10 mb level to top of cloud layer

2-3°K below top cloud layer

Inversions (except tropopeuse) will tend tc be smoothed out

Heignt of pressure surfaces

Within 20 meters with clear sky
Within 4O meters with overcast sky

Thickness of layers very accurate above clouds

Horizontal thickness gradients very accurate above clouds

Relative Humidity within 15% of actusl velues

Additional Information for ITOS

-3

Setellite measures temperature as a function of pressure

Location accuracy or soundiny 20 miles, except 10 miles with reference pcintc
Air column measured 1is 15-120 miles in diameter at surface

Orbit time about 2 hours

Equator crossings advance 1800 miles per orbit

Soundings taken every 12 seccnds (30 orbit miles) at following points:
(a) 2100 miles to right of track (35° slant sngle)

(b) 1050 miles to right

(c) vertical

(d) 1050 miles to left

(e) 2100 miles to left

Sourdings of successive passec will overlap. Miles refer tc lateral displacement of
sounding from orbit measured at the earth's surface.

Tc be cperational in 1975

Date will be availeble once per day within 20 minutes alfter last pass from whick
data are used {subject to change if priorities change).

26

TRy

b Dl st

o Wl L b g

R

i i b

o bl o

ST I CaTe

oo

ity

Feradtiti Lyl

IR II

D0 o et A 0l g b Pt a1 100 L b T




c.
D.
i
1
E
b
F.

f—

Unmanned Ocean Buoys (1575-1980).

1.

2.

3.

Not expected to be operational on a global basis

Tenmperature and pressure accuracles will be very similar to current radiosonde
eccuracies

Will not measure winds

Constant Pressure Balloons (1975).

1.

2.

g.

Temperature RMS Error 0.2%,less than 1C
Humidity will probably not be measured
loon will depart from intended density surface by an averaged 0.15%

Pressure calculations will have an RMS error of 0.25%. No pressure height dats
will be determined

Ballocn loecaticn RMSE one mile when measured by orbital satellite and five miles Dy
geostationary satellite

Wind measurements accurate to 2 knots vector from corbital satellites and 7 knots
from gecstationary satellite. This assures fixes every 80 minutes from orbital
satellite and every 60 minutes from geostationary

630 mile grid planmed for portion of globe south of 25°N. This will require 1,600
belloons, Will use 2,400 balloons due to clustering

Test scheduled for 1970 in tropics with 100 btalloons

Rawinsonde {current).

1.

Pressure
(a) Aneroid (range 1050 to 5 mb): accuracy *2 mb; resolution about 0.5

(t)} Hypsometer (range 50 mb and lcwer): accuracy Yl mb (50 mb) becoming 0.3 mb
(10 mb and lower); resoluticn about 0.1 mb

Temperature: accuracy th K resoluation ebout 0.3C
Relative humidily (carbon hygristor): fS% in the range of relatiwve huridity btetween
10 and 90%, and for tamperetures above OC th% for temperatures renging from -20C

to 0C; resolution about 1%. Accuracy is unknown below -20C

Wind (using Loran-C this could be improved to 2-5° on direction and 1-2 kts. for
speed)

(a) Direction: accuracy 5°; resolution about 1°

(b) Speei: accuracy +5 kts. using transponder, generally 10 to 20 kts.without

transponder--depending on distance of balloon from station resolution about 1 kt.

(e¢) Velocity: § kie. using transponder, 2 to 30 kts. without transponder velccity
errdr increases &s the square of the distance of the balloon from the station.

Aircraft (current and 1975).

Tempersture: 1 to 2C

Wind: 5° and 5 kts. over land and 10° and 10 to 15 kts. over weter if doppler
equipped. More than 90% c¢f ATREP winds are dcppler
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GROUWD-BASED METEOROLOGICAL OBSERVING SYSTEMS IN THE 1970's

Andrew S, Carten, Jr.
Aerospace Instrumentetion Laboratory
Alr Force Cambridge Research Laborastories {OAR)

An attempt is made to anticipate Air Force ground-tased observational systems
which will be in use or which will come into bteing in the next decade. Present
capabilities are exsmined against probabtle mission support requirements. All of
the major types of ground-based instrumentation, including indirect probes and
ballocn and rocket sounding systems tracked from the ground, ere surveyed end
design trends are forecast. Several specific critical requirement areas are
exsmined in detail, and probable soluticns are given.

I. TIntroduction

It is & plemsure and a challenge to join my distinguished colleagues here today in forecast-
ing the meteorological resources and capabilities of the next decade. Although my
pregentation will te biesed towards Air Force ground-based observetional systems, the
approaches suggested may be of interest to all affected agencies. Certainly the provleus
posed by the new, socn-to-be-with-us breed of aircraft are of universal concern.

My forecasts will have an understandable degree of uncertainty since thz2y will te based on an
anticipated state of the art and on probabie operational requirements. Even quite accurate
technical foresight will not aucomaticelly cause the observational systems mentioned to
materialize, however. The fleshing out of these concepts depends heavily on the solution of
the regesrch snd developrment lag time problem, with which most of you are familiar, .aé for
which the prognosis is not encoursging. The very length of the typical developreint cycle
guarantees that, unless a system is under active consideration today, it hes little chance of
being implemented operatlionally in the next decade.

II. Meteorological Support Missions - Present and Future

a. Present-day Missicn Sumport. Since new observational systems come irto teing principally
in response %o requirements for specific misslon suvport, any crystal ta.l gazing in this
ares rust te linked to reasonable estimates of missions to be supported. Thus, a short over-
view of tne anticipated Air Force and Air Weather Service posture o.er the next ten jears
should precede dztriled system discussions. As a starting point, let us triefly examina the
obeerving funchlon cof tnc Alry Weether Cervice today. Tt is quite diffuse, yet three distipet
migeions stand out upon examinction, covering support to the following operations:

(1) Multi-purpose fixed@ and rotary wing aircraft operations - 1landings, take-offs, en
rcute conaitions, and terminal or target concditions.

(Z) Missile and space flight operations - launch, recntry, and recovery.
{3) fTactical air and Army field unit uperetions.

b. Alr Force Direction in the 1970's. Wiil the misslon suppori roles just descrited persist?
The answer to tnis question depends on our abiljty to prcdict the “irection which the Air
Force itgelf will take in the 1570's. I see no drastic chauge. Thcre will still be fixed
and rotary wing aircraft, plui cpace and missile operat <ns, and t.day's counterinsurgency
type of operation will continue in fact or as a possibii®t;. The rzin thrust will te towards
the introduction of much more sophisticated aerospace vehicles whose size, high speeds, and
criticel perrcrmance characteristics will quickly ezxcentuat.. the J:ficiencies 1. present
atmospheric wnalysis aud forecasting serviczs. This will re:s9i+ in a clamor for improvements.
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In mAny caees, the new vehicles will be traversipg levels of the atmosphere largely unused
and inadequately probed at the present time.

c. Improved Interface with Data Processing and Display Systems. The nceded improvenents
will require not only more frequent, more widespread, more accurate, and sometimes new obeer-
vatiocns but also more rapid dissemination and display of the observed parameters. This
inciudes inpute to aircsaft on the finel approach, some of which will be under the control of
airborne computers. 1) Automstic data gathering systems are a key element in this process.
They call for both a very large development effort and a subsequent huge capital investment.
It was on the latter point that previous attempts at sutomation have foundered. Whether new,
more relisble, lefs maintenance prone, solid state modules of todey wili meke the needed
capitel investment a more saleable issue is a moot point. Fur the purposes of this preesenta-
tion, a decision in favor of some sort of automatlc data collection and dissemination set is
assumed., It would be compatible with the specific observational systems to be discussed.

Fourth generation computers, such ag the Illiac IV (E)being plannel to upgrade numerical
weather forecasting services will employ parallel modes of data processing and will have
voracioug appetites. To realize the enormous potential of these machines, the interface of
the envisioned automatic data acquisition systems with high speed communication lines will
have to be planned with extreme care.

The data acquisition, processing, and dissemination goals just mentiloned are elso goals of
the World Weather Watch and the Global Atmospheric Research Program (GARP) which will be in
effect during the 1970's. 3 It is likely that these two programs will have a powerfui
influence on the cbservational process and provide the impetus for major improvements that
has been lacking for much of the pest decade.

d. Impact of Weather Modification. Weather modificavion, both intentional and inadvertent,
will also gain prominence in the years ahead, rrpeclally as the findings of Froject GARP
filter dnown. The routine observing functio» will have to be expanded to include measurements
by which the effectiveness of locel modific.-ion operations may be gauged. At the same time,
care will have to be taken to segregate meesurements of the modified environment from thcse
of the natural enviromment so that synopti- observations will not be misleading and climato-

logical records will not te contamina 1., it seems unlikely that intentional local modifica-
tion processes, such as fog dispereci, +.°.0 cxcome 50 efficient and so widely employed in the
197C's that tad weather operations wii. ioppear. Some progress in that direction is very

probacle, however.

e. OJutlook for Mission Support. From tue foregoing, it seems safe to conclude that today's
support missions will, indeed, persist and will actually become more difficult to carry out
in the face of an intensified demend for weather observations. Some measuwrements will remsin
ranuel and relatively crude but most must see a significant degree of refinement. Bizger,
faster, higher flying, and more sophisticated vehicles are geing to require mcre accurate,
more timely, and more copious date whose acquisition and dissemination will need to be highly
aut.omated - to match the real time needs of user control and display systems and to provide
adequate grid poini informazion for the new, numerical weather computers.

III. Surface Messuring Equipment, General Considerations

a. Missigg[gpnfiguration Relationships. 1In discussing specific ground-based operational
systems, let us look first - in rather broad terms - at those which will be meking direct
measurements of conventions) surface parametere such as wind, visibility, and temperature.
In this area especielly. the mission being supported he. traditionally influenced the deesign
of the observationtl tool. Cn this bagis, we . u~ make some safe, general predictions. For
exarple, at permancnt alrfields and test ranges, there will te a growth in the use of rela-
tively lerge aund very accurate devices with ouvputs adaptavle to automatic processing, and,
ty contrast, equiprent ror tectical use will remain small, relatively ron-sutomatlc and only
moderetely eccursce. Consequently, the inventory of the 197C's will contaln surface
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Figure 1, TAMS (Tactical Automatic Meteorological Station)
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observing inatruments of many different configurations, several of them designed to measure
the same parsmeters. Some will have rather unique configurations, one example being the air
droppable automatic weather station whose development is underwsy at AFCRL. (FIGURE 1). I
will concentrate on airfield configurations in this discussion. Specialized tacticael and
test range instrumentation deserves comparable treatment, but time just does not permit 1t.

b, Operational versus Metecrological Observations. I would 1ike now to distinguish between
synoptically-reported meteorological or station messurements, which are used to define
pressure patterns, frontal locations, and local climatology, and operational measurements
vhich are used primarily for control purposes. An example of the latter would bz the updated
vind values furnished to pilote to assist aircraft movements. Runway Visual Range (RVR) is
also such a measurement. Another safe prediction is that, at many airfields, in the years

to come, the instruments used for station measuremenis can no longer be those also used for
operational measuremente as the latfer readings become increasingly unacceptable for meteoro-
logical use. This will come about primarily because of the previously-mentioned intentional
or inadvertent local weather modification process. This news is certainly not startling
from a technical viewpoint, but the prospect of added and remoted sensors poses problems with

reepect to resl estate, cabling, (or microwave relays), capital investments, maintenance,
and data handling.

c. Impact of the New, Very Lerge Aircraft Engines

(1) Engine Thrust Values, 01d and New. The exhaust wakes of the new, very large aircraft
engines coming into use are & prime candidate for the inadvertent local weather modification
role. The power ratings of these gigantic thermodynamic machines are very inpressive.
wWhereas present first-line fighter, bomber, transport, and cargoe aircraft employ engines in
the 18 - 21,000 pound thrust class h), the on-coming vehicles such as the Air Force C-5A
Cargo plane and the commercial Boeing T47 Tranaport have engines with better than double
thrust levels of 41 - 45,000 pounds. 5) The same is true of the forfgsoming trijetl airbus.
Growth versions of these engines will surely exceed 50,00? ounds. The Anglo-French
Concorde SST engines will be in the 35,000 pound cliass. The American SST will be powered
by 63,000-pound thrust engines. (7) The significeance of these numbers is illustrated by

FTGURES 2, 3, and 4 which show the Jjet wake temperature and exhaust velocity profiles of
the C-5A at idle and teke-off power settings.

(2) Typical Air Force Base Truffic. I am essuming that the other new aircraft mentioncd
above have profiles similar to that shown for the C-5A. Even though the Air Force may not
own a T4T, an airbus, or an SST, aircraft of that type will be operating under contract to
MAC as a matter of course and will be sh. ring runways with tne C-5A and other standard Air
Force planes. Actually, Air Force One will be an SST in due time and the replacement for
SAC's B-52's will erploy similar large engines.

(3) Effect on Local Observations. It is obvious that ihese aircraft can generate intense
localized streams of hot air and low level turhilence., 1In recognitlon of this fact, the
managenent &t O'Hare Alrport has already given notice that the Th7 cay have to be towed
between the ?5? of the runway and the terminal area to avoid damage to structures and injury
to people., It has been demonstrated that the much lase powerful C-141 cargo plane, when
deployed in small numbers at & fog-bound airfield can, in a few minutes of full-power engine
gperation, imo=- e visibility along the runwey. (9) The C-5A, the airbus, and the TUT have
a much greater capsbility in this respect. The important issue, however, 1s the impact of
their exhaust streams on airfield observations in normal operations when a variety ¢ powver
settings will be employed. Consider, for example, the trijet sirbus., Iter center-mounted
engine will be 20 -~ 30 feet above ground. (8) The frictional dlssipuation of thie engine's
exhaust will be certainly less rapid then for lower-mounted engines. What will be the effec-
tive length of its wake? 1Is it ridiculous to suppose t%.t & pilot of one of these aircraft
could sharply increase RVR values, and "open" a closed eirfield, by aiming his exhaust
tovards the transmissometer in use?

(4) The Questiin of Representative Meadurements. The purpose of airfield operatlional
measurements 18 to tell the pilot end the tower operator the conditions under which vake-ofy
or landing operations will be carried out. The information passed on should be representative,
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Will off-the-runway senscrs be capable of gauging residual turbulence and thermal reservoirs
along the runway meaningfully? Will the taxiing operations of the jumbo jets comtribute so
much interference nolse to the system as to mrke the observations meeningless? Will the
sensors be damaged by these operations? Will serious levels of pollution (e.g., water and
carbon) be introduced? The dissipation of these intense pockets of energy would appear to
be a function of the local environment and of the frequency at which it is contamrinated. An
occasional C-5A movement at Edwards AFB on 8 cool, windy day will putently have leas impact
than the rush-hour 747 and airbus traffic at O'Hare or Kennedy Airport on a sultry summer
day. At the very least, the new large aircraft will bring ebout a critical review of the
surface parameter measurement function at airfields. The most optimistic forecast is that
they will prove no problem ae a resuit of the judicious use of grourd control procedures. A
less sanguine finding appears more likely, however.

d. V/STOL Aircraft Support

(1) Growth in V/STOL Utilization. It is important here not to lose sight of another
new class of aircraft with its own peculiar set of wind and temperature sensitivity problems.
This 15 the fixed-wing V/STOL cless which is also on the horizon. Small STOL aircraft are
operational today at both military and comercial fields, and the Rritish have an operational
VIOL fighter. American employment of a VIOL fighter in the years ahead appears likely in
view of the controversy over the vulnersapility of conventiornal aircraft at forward area bases.
Another trei? will be towards larger and more diversified STOL aircraft. The ccmmercial
exploitation of STOL aircraft is needed to help solve the air traffic rroblem and the
increased militery use of thia type of vehicle for forward aree resupply missions seems
asgured., The problems associated with STOL aircraft will be most severe in the commercial

area, the outstanding one bein% that of acoustic noise because of the extra thrust demanded
by these high drag machines. 10

Air traffic congestion leads naturally to the mechanism of treffic separaticn. In “the commer-
cial area, two trends are emerging. One is the isolation of small sections of major airfields
for STOL operations. The other is the creation of mini-airporta, such as those propcsed for
New York City's waterfront. In either case, 1t is neceseary that the STOL landing ereas have
their own navaids and meteorological inetrumentation. Comparable trends at military sixrfields
are anticipated. As a minimum, we can expect a quantitative increase in meteorological
observation systems to support military ani commercial V/STOL operations, regardless of any
qualitetive changes. Changes in the latter category wiil also be required as will be
developed later in this discussicn.

I should like now to concentrate on specific surface perameters, opening with a discussion of
wind measurements.

IV. Surface Wind Veasurements

8. Low-level Shears. The measurement of surface wind is such a time-honored function that
the law of diminisnhing returns might seem tU apply with 1espect to development work in that
area., Actually, the opposite is true especimlly 1f we stretch the meaning of the word
"surface" to lnclude the lowest 1500 feet of the atmosphere. This extension can readily be
Jjustified because of the inapplicability of surface wind measurements to higher points along
the aircraft landing glide slope. Undetected and unsuspected large wind shears, as 1h§he
cage of the low level jet phenomenon, offer a serious hazard to incoming aireraft, \

Even fuirly close to the surface, the need for chiange becomes evident upon comparing pro-
Jected operatione with current capabilities.

b. The Jumbo Jet Influence. From the previous diecusaion of the impact of the new large
eng'nes, there is a serious question as to whether present-day methods of observing surface
winds will continue tc be representative or operationally useful. I believe that changes
will be needed, but the nature of these changes will have to await the teet of experience.

c. V/STOL Operstions. With respect to our other new cluss of vehicles, I find V/3T0L opera-
tional problems difficult to define, mainly because of repid advances in the state of the art.
However, one very recent sssesepent of the situation 18 that the V/STOL stability and cuntrol
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proble?fﬂ}n the transition stage are still present and show very little signs of disappear-
ing. €} The main problem seems tc be flow separation from some parts of the liftiug system,
an effect which depends on configuration, Reynolds number, and interference velocities from
the ground or other parts of the aircraft. It is in the matter of calculating interference
velocities from the ground that wind measuring instrumentation is likely to pley & wmajor roie.
Thus, the critical effect of low level winds on STOL a:d VIOL aircraft operations will almost
certainly require specialized wind measwements. Conversely, the destructive downwash of
these vehicles will have to be moritored to slert personnel on the ground against hazardous
conditions and to prevent damage to surface structures. {Recent developmenta in ground-tased
sonic anemometers have found their way into V/STOL aircraft operations. One model has been
adapted to, and tested on, the XC-l42 experimental aircraft.)

d. Probable New Wind Sensors. It seems likely, then, that the relatively simple anemometer
system employed at the typical Air Force base will become an anachronism. At the very lesast,
it will be necessary to spot a number of rugged sensors at critical locations and to feed the
outputs to & central point. Where such sensors can be affixed to hangers or .towers, no state
of the art advance will be required. There will be a need for new sensors, however, with
respect to the measurement of winds in areas where no structures can be tolerated, such as
along the glide alope. These measurements will be needed more often than can te economically
or practically provided by pitels or by low level radiosonde systems. A promising approach -
although it is not an all weather system -~ in an electro-optical one in which natural or
induced quantities of aerosouls or other scatterers are sampled remotely Ty a light beam and
doppler motion of these particles is translated into wind motion. (This is really an indir-
ect method of measurement, but it appeears appropriate to mention it here, in advance of the
main discussion of indirect probes.)

V. Surface Temperature and Dew Polnt Measurements

The measurement of surface temperature and dew point has already become almost completely
automated. The mspirated and vadiation-protected shelter is standard, both in the Air Fcrce
and in the Weather Bureau. This arrangement lends itself readily to automatic data storage
and transmission and is seen as a standard item during the next decade. ‘The probatle major
change will be the repiacement of the lithiun chloride dew polnt sensor with the thermo-
electricelly cooled dew point mirror. This type of zensor has been demcnstrated repeatedly
to have s¥g?r}or accuracy and reliability and t¢ lack the blas associated with the chemical
sensor. 37 The changeover is inevitable in view of the need for bvetter fog forecasting
ability to support the new high performance aircraft. It 1s provable, too, that a single
humidity temperature semsor location will no longer suffice for an airfiela and that, as in
tne case of wind, 8 complex of sensors will have to be installed.

V. Surface Vigibility Measurements

a. The Problem. RYR ig one of the most critical parameters from an operational point of
view and, yet, it has perhaps, been measured least efficiently of all surface parameters.
(Incidentelly, I am excluding from this presentation any discussion of prevailing visibility
on the grounds that it is not operstionally eignificant in today's predominently IFR mode of
operation - despite its importance to climatologists. RVR, on the other hand, opens and
clnses eirfields and its importance will increase greetly as the numbers of passengers and
the tons of zargc carried on board Alr Force and civilian aircraft increage.) With the rela-
tively high performance C-1kl and C~9 aircraft end the!lr commercial counterparts already on
nand and with the C-SA, the TW7, the airbus, and the S%fkiugt around the corner, the ante

in the poor visibility landing geme is teing raised. ] Despite the publicized development
of all weather lending pystems, the successful and safe day-to-day operation of the new
vehicl23 will continue to depend in large messure on the ability of the pilot to see, parti-
cularly during the last hundred feet of the lending operation. The very size and ilnertia of
the large new aircraftSmake them less responsive timewise to required changes in the vertical
flignt path. (15) (19). me sluggishness in pitch response means slower rotations at take-
off, longer glide paths, and, most importantly, reduced ability to climb out fror an aborted
landing operation. Thus, the pilots of these aircraft will vant no surprises when they are
down to tre decision point. (17) Tne droop-nose, high angle flare of the SST would eppear
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t0 be especially critical in this _yespect. The current flurry of activity to develop ILS
independent. monitoring systems (185 for use in Category II and III poor visibility landings
signifies the need for greater pilot &assurance and tranquility in the cockplt. It is hoped
that & cockpit display system will emerge from these efforts which will give the pilot an
accurate electronic image of the landing zone ahead, despite the obscuration to vielbility,
and thue reduce his dependence on vieual sighting. A high resolution, on-board Kg band radar
gystem might provide such an indication. This, combined with automatic landing systems, may
eventually ocsolete the requirement for RVR measurements for aircraft so equipped. For the
present, however, we must aesume that visibility problems will be an important factor for
sope time.

b. A New Method of Measuring Runway Visibility. There appears to be wno rationsl basis for
assuming that the present system of weasuring runway visibillity or calculating runway visual
range on the strength of a single transmissometer instsllation cen be perpetuated. Multiple
instrumented runways appear to be the only feasible answer to messuring visibility meaning-
fully at airports in the 1970's. These installations would feature several new visibility
sensors spscedalong paths parallel to critical runways and feeding into a simple panel diaplay
of visitility conditions by runwey sector. Thia would clearly eliminste todsy's very danger-
ocus situation wherein patches of fog on & runvwey are not detected because they donot pene-
trate the relatively small ares under tranemissometer surveillance. Although the 500-foot
taseline of the transmissometer represents only 5% of the length of & 10,000 foot rumway,
current procedures can apply the reading from this small sector Lo the whole airfield. To
achieve the vroposed new configuration, an inexpensive very short beseline visibility sensor
needs development and a system which exploits scatter techniques appears most promising.
(AFCRL 1s exploring the feasibility of this approach at the present time.) Such & system
should be able to be calibrated und to maintein its resolution under conditions of poor
visibility - capabilities which the present transmissometer system does not have. Deploying
these sensors may te & problem 1f they are not to be "spoofed” by passing large-engine ailr-
craft.

VII. Indirect Measuring Egquipment

a. Definition. I should like to turn now to another class of instrumentation which is
enployed for making observations very closely associated with the surface parameters Just
discussed. I refer t0 indirect memswing equipments which, ty definition, are devices which
sarple a volume of the aimosphere at a distance., They accorplish this by electro-optical or
electrc-ragnetic probes or, in some cases, by employing passive receivers for detecting
incoming energy cver a wide variety of electrical and op*tical frequencies. A very common
example is the ceilometer which empllys a searchlight veam and triangulation methods to
detect cloud bases . Another exumple is the storm detecting weather radar set.

b. Slant Range Visitility. The urgent requirenent 1o measure visibility along the glide
path, referred to as slent range vieitility, stan??9? £02d chance of bteing satisfied throygh

a comkination 9f laser and computer technology. ’ (AFCRL and the FAA are currently initia~
ting an erperimentel investigation of the feasibility of such a system,) The sane technology
is being applied to overhead cloud base measurements, and we may sec & gradusl replacement of
the somewnat cumbersome rotating bear cellcometer with a laser system. Although the ccupling
of the slant range visibility reaLdrement to the real world of aircraft landing operetions is
a step which will require a great desl of experimentation and hard work, the emphasis on
Category II and Category III A landings will hasten such experimentation and, if the tech-
niques prove feasible, operational 1implementation is expected to occur at a rapid pace.

¢. Storm end Cloud Detecting Radar Sets

(1) Vertical Profiling. The weather radar sets teing instslled at the present time are
expected to be used through the next ten years. It is likely thet modifications will bte
introduced periodicaily, however, to sugment the vsefulness of these sets. Integrators to
improve the signel-to-noise ratio until recently .ere thought to te in this category. Tests
of thie modification on the AN/TPG-1l vertically Lo inting radar set have shown that too much
valuable operational insormation is lestl in thc intgration process and that the integrat~r's
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greatest usefulness will lie in the research area. While on thessubject of vertically point-
ing radar sets, one hoped-for change in the next decade will be the adoption of this principle
by the civilian sector. Despite maintenance problems associated with a marginal transformer
design, this aet - in Air Force use - has amply demonstrated its unique capability to display
vertical cloud structures, icing levels, the onset of precipitation, wind shears, frontal
passages, and various other parameters of operationsl significance. The wealth of informa-
tion provided by this set 18 too valuable to0 be denied to civilian airport users much longer.

(2) Reinfall Intensity Measurements. An interesting development in connection with
increseed radar utilization is the measurement of rainf: 11 rates. A nomogram has been
developed for the AN/FPS-TT Stor?zgﬁtecting Radar which allows quantitative measurement of
the radar reflectivity or "2". This factor is a function of the number and size of
droplets in a given volume and should prove a useful tool in studying local climatology and

analyrzing storm rainfall characteristics. Field use of this tool awaits user experience and
application.

(3) Convectjve Turbulence Measurements. Weather radar researchers at AFCRL have recently
demonstrated ‘=) an experlmental doppler rader system called the Plan Shear Indicatcr.
This set, which employs & coherent memory filter, detects "cloudy" eir turbulence; wind
shears, sinks, and vortices. It is & completely new system and would have to replace or
supplement exieting sets if brought to an operationsl status. It represents one appioach to
the problem of vectoring sireraft sround or through possibly dangerous convective clouds in
the vicinity of an airport. With the large number of turbulence-asensitive T-tail jJets in
service, such information could be most valuable.

(4) Monitoring of Fog-clesring Operations. Another application currently under develop-
ment, and potentially an operational system late in the decsde, 1s the use of Kz band radsr
for monitoring local fog clearing operstions. The frequency to be employed has been highly
succeasful in defining overhead cloud Atructures when used in the previously menticned,
vertically pointing AN/TPQ-ll Cloud Base Measuring Radar Set. The set contemplated for wea-
ther modification monitoring use will have a horizontal ecan and siould be effective in

locating openings created in fog banks and tracking the movement of these openings relative
to runways of interest.

(5) Clear Air Turbulence Detection. The experimentation in the use of hich powered
ground-based rad&r(se g8 for detectingclear air turbulence aloft has shown a great deal of

promisa to date. It is anticipated that limited operational use of this technique may
be a fact in the 1970's.

{6) Lightning Warning Equipment. The protlem of excessive refueling delays at airfields
or teet ranges threateced by lightning is expecfgd)to(gi)eliminated in the near futur.. After
& lengthy investigation of various approaches, 3 developers at AFCRL heve ccacluded
tiint o get which employes s field mill to measure variastions in the loecal electric tiell und
a range-calibrated lightning stroke counter to monitor neardy discharges offers the moet use-
ful information. It is an omnidirectional device and requires radar information to provide
azimuthel data. A set of this type will be tested at AFCRL lster this year and protavly at
Egllin AFB next year. Fairly widespread operational deployment of thls set is anticipated.
This set also has u potential for Air Traffic Control vectcring purpoees when used in conjunc~
tion with radar. In addition, it could provide valuable 1n(aut7 to the Atmospheric Electricity
Ten-yeer Program which will be underway during the 1970's. 3

(7) lsrey Probes. Mention hes already been made of laser cellometers and leser vieibil-
ity meesuring and wind finding equipment. Tne ability ¢f the laser to det,ec‘f aﬁrosol

lJayering associated with temperature jnversions has also been demonstrated, 25) and this

type of probing is expected {o become commonplace in areas where i{inversions are a problem.
Research into the application of ]aser measurerents to high altitude density determinations
has been very promising to date, 29 and it 1s 1likely that this technique will bzcome

empinyed operstionally at one or more locations, where almost continucus monitoring of the
mesospheric density variations is required. Although a laser system of this type 18 restricted
to cloud-free conditions, it cen produce & very large number of useful measurements at a

emall fraction of the cost of rocket soundings.
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(8) Radiometric Measurements. In closing out our discuseion of Indirect sensing teche
niques, mention should be made of radiometric measurements. This area encompasses both
infrared and microwave passive receiving systems which sample radiation emitted by the
atmosphere. ‘The goal of research Jnvestigations in this area has been to provide am inex-
peneive substitute Jor the soundings produced by radiosondes or rocketsonde techniques. At
the present time, this technique (s in the experimental stage, and it is difficult to visual-
ize its reaching widespread cperational status during the pext decade.

I ehould like to discuss now the prospects for improvemente in the last major category of
ground-baped cbservational systems. These are the syetems which sound the atmosphere up to
200 kilomete: . by means of balloon-borre and rocket-borne instrument packages.

VIII. Vertical Sounding Systems

a. An Overview. Ground-based vertical sounding systems with expendable flight components
wiil continve to provide mueh of the data on the state of the atmosphere during the years
ahead. The balloon-borne radiosonde, because of its comparatively low cost, will be launched
in sizeable quantities by many nations. It is to be hoped that programs like the World
Weather Watch will point up the qualitative differences among the various radiosondes used
and will lead to proper corrective action. The much more expensive meteorological sounding
rockets may show & relutive decrease in use despite the tetter than 50% price reduction
recently achleved in this area. This assumes that with improved sensors, owr knovledge of
the climate of the upper etratosphere and of the mesosphere will be stabilized, reducing the
need for repeated measurements. The rocketsonde will not disappear as an operational tool,
however. The annual number of launches per site may decrease, tut the number of sites will
probably iucrease, fszystter global coverage. Important stratospheric events (such as an
“explosive warming") will undoubtedly trigger & barrage of firings from many stations.
Firings in support of specific space operations will also add to the total consumption

figures. The anticipated deployment of ground-based high altitude laser density measuring
systems will, of course, bring about a reduction in these tirings.

P. Sounding Instrument Telemetry

(1) Radiosondes and Rocketsondes. Since radiosondes snc rocketcondee will account for
a substantial portion of the instrumentation budget during the next tern years, there exists
a ready-made incentive for better and more timely utilization of the valuable data which
these instruments can obtain. On the technical side, both t{ypez of sonde shruld become
comp.etely solid state about midway in the period. Whether or not they actuslly go this way
will depend on decisions made with respect tc proposed Bgy ound statione. Actually, many
solid state research sondes have been tuilt already. ( ( The principal obstacle to their
operationel deployment, especially for radiosondes, has been cost. Cost is relative, how-
ever, and the need for more accwrate data and for more frequent samplivg per flight makes
wore expensive flight systems inevitable, providing that compatible ground stations are in
place, In Judging this irend, we must consider not only the inflation wilch hae bteset the
entire economy but also the fact that the system which relies on the eimple, vacuum tube,
mechanically-switched 1955 model radiosonde can no longer 4o the job., It is fortunate that
the cost curve for solid state oecillators is heading downward so that radiosondes using such
components will not be out of reach pricewise when they enter volume production. The impact
on the rocketsonde price structure will also be importent but less critical. (It is mostly
solid state already.) An importent fringe benelit resulting from the use of the sclid state
configuration is the drastic reduction in battery size brought about by their inherent low
pover requirements. This, coupled with additional decreas:cs in power needs resulting from
the narrow-band characteristics of the crystal-controlled oscillators used, means smaller

flight pasckages, a fact which should ease the anxiety of SST pilots treversing the same air-
space,

(2) Existing Ground Stations. A typical Air Force radiosonde sounding consists of a
flight to balloon burst altitude, about 110,000 feet. Tracking is by a radio theodolite which,
in some cases, has an additional ranging capability., Temperature and humidity values are
ottained no more often than every 20 seconds. Wind speed and direction values are computed
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manually from successive determinations of the balloon's position and are aversped over a
two-minute interval. Rocketsonde flights go about twice as high, but tracking and data
sampling are comparable to radiosonde nrocedures except that, with non-transponder models,
the uddition of & radar eet is needed for tracking purposes. Judged against what is both
poesible and recuired, these are grccs measurements. The techniques employed are, with the
exception of ranging, dasicully those used when the radiosonde was introduced back in the
1930's. The next decade should certainly be the time period for the breakout from the old-
long established mold. The tools are at hand.

(3) An Interim Measure - the AN/GMD-Y, A partial step hes already been taken at the
tect ranges where the AN/GAD-4 Rawin Set ©30) ie used to track radiosondes and rocketaondes
and vhere data reduction hes become virtually auiomatic. The AN/GMD-4 ig not the final
answer, however, s.nce ite ranging systen - although superior to that of the oider AN/GMD-2 -
cannot discriminate adequately against spurious signals such as those introduced by noisy
mechenical radicsonde commutators. Tre AN/GMD-4 is elso incompatible with the standard non-
transponder radiosonde, and thus, its vertatility is limited.

(k) An Advanced Meteorologival Sounding System. It has been demonstrated at AFCRL that
it is possivle to ottain a much finer grained profile of the atmosphere and to do this with
improved accuracy and almcst completely automatically. Despite higher irstrumentsl costs,
the experimental system t0 which I am referring is actually more economical in terms of
useful data acquired then the older systems which are in use today and whose continued use
is gueranteed fg{ the next five to Bir years. Called the Advanced Meteorological Sounding
system (AMSS),(>) it 1s, in our opinion, the most effective replacement for today's GMD-1,
GMD-2, ard GMD-4 Rowin Sets. It is a redio theodolite in the same tradition e. the sets it
wvould replsce and it, too, has a transponder ranging capability (FIGURE 5).

The advantage of the AMSS lies in the availability of more modern techniques for the execu-
tion of the basic principles. Its design benefits from the scmetimes bitter experiences

with today's sets. It also borrowe iiberally from the technical fallout from space explora-
tion. Competitive systems proposed by the other agencies heve been evsluated and are deemed
to tave ccngsiderable merit, but they are not ideally suited for the broad Air Force mission.

Much vork rust be done soon if the required improvements are to come gbout in vertical sound-
ing methods. The administrative mechanism for the traneition from prototype to operstional
system is complex and beyond the scope of the present discussion. 3uffice it to say that the
critical atmospheric data needs of the upcoming years will not be met unless there is a
ground swell of demand for implementing the vastly improved techniques which are on hand and
are ready for finel development.

(5) Capital Investment Considersticns. The proposed new sounding system will mean &
mejcr capital invesiment. Presgent day rawin sets lack compatibility with the new techniques
and are not considered sufficiently reliable to serve as the basis of a large scale modifica-
tion effort. On the positive side, the new system will receive data from all contemplated
Air Force radioconde and rocketsonde flights and, by feeding into on-site or centralized
computer syatems, will completely eliminate the manual reduction of de%a which is both costly
in menpower and suceptihle to error. Compared to previous standards, the amount of data
obtained per flight will be enormous because of the extra channel capacity of the new system
and the faster sampling rates employed. Its use will be limited only by the ability of the
computer or the connecting transmission lines to handle such data. The new tec‘.x?i&;es arc
also adaptable to such specialize?agstems as AFCRL's Low Level Sounding System 2 and the
Refrective Index Sounding System which are already in, or approaching, the operational
stage.

¢. Otner Flight Components. In the years ahead, there will alsc be 8 commensurate increase
in the performence of items used wirh or in support of these sounding systems: faster rising
balloons, higher flying balloons ard sounding rockets, less radiation sensitive thermistors,

more accurate pressure a en B 8. etc. This 1B an area which hap heen f well
covered ir other papers ?33? ﬁH ?ges?rma I shall not go into it here. 63& F37fi{§g)
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IX. Conclusion

Thus far, I have attempted to depict the probavle operational conditions under which the Alr
Weather Service will be carrying out its ground-btased observational role over the next decade.
The problems enumerated represent one man's point of view., There are certainly other prob-
lems of an economic and sociological neture which could drastically alter my predictions.
There may, for example, be social rejection of the new aircraft because of air and noilse
pollution, slrweys congestion or airport saturation - problems which are ocutside the scope

of this paper. I do not expect this to happen, bnt the creaking, overhurdened condition of
today's alrways certainly suggests the possitility. We shall probably muudle through the
social problems and the technical efforts associated with the safe and efficient operation of
the new aircraft will be our primary concern.

In meny respects, our positlon today is not unlike that of the 1958 - 1959 time period when

Jet aircraft were teginning to enter the inventory in substantial numbers. Many unknowns

faced meteorologists and other members of the amerospace commwilty then because of the lack

of experience with the new vehicles. '~ have survived that decade, eithough mistakes were

nade and some legsons were learned the hard way. The sensitivity of the jets to clear air

turbulence and the need to develop new flying techniques %o cope with the problem is pefha 8

the most outstanding example, Ambitious plans were underteken during that time period (39

‘o automate the meteorological observing system, plans which included features resembling many

of the things advocated in this presentation. The fact that ten yeare have gone by - thomt '
: rea:ization of these plane in no way diminishes their need. The years 1lnst, in fact, make
the ;o5b harder st this time since the new Jjet aircraft are likely to be less tolerant of the
: older -bserving system.

The nex: cen years will be busy ones for the entire meteorolcgicel community. As one deeply
involved in the development process, 1 urge all who are concerned about the future of
me:teorological observations to make their wishes effectively xnown so that the development
efforts which are the prerequisite of any improved operational eystems can receive the needed
attention and support. Without such representations, today's slow pace will be maintained or

decelerated even more and the technology required to do the job ahead will simply not materi-
elize.
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METEOROLOGICAL RECCNNAISSANCE SYSTEMS OF THE 1970's

Richard G. Chappell
Air Weather Service

The meteorological recon eystems of the 1970's will continmue to be plagued with
the age old problems of the lack of definitive requirements and the capability
to determine the sbsolute accuracies of the various sensors. Both Air Force
and Navy weather recon systems are programmed for significant technological
advences in the early 70's. It is hoped that scme farsighted people will be
equally concerned with the development of new stapdards, testing procedures
and apnlications of the dats to meke the high cost of new hardwere develop-
ment Justified.

a, As 8 preface to my comments on the meteorological reconnaissance systems of the 1970's,

—

I will spend & few minutes reviewing present airborne equipment and its capability.

(1) The Air Weather Service weather reconnaissance fleet currently consisis of 14
WC-130(), 10 WC-135B, 7 RB-57C, 19 RB-S7F and 24 WB-4TE aircreft. The WC-130s are pri-
marily utilized for tropical storm detection, penetr:tion and analysis missions. During
non-storm season periods, synoptic weather tracks, cold fog dirpersal, and special
atmospheric sampling missions are flown. The WC-135B aircreft, the military version of
the familiar Boeing 707, primarily perform atmospheric sampling missions. However, these
missions are generally flown on a synoptic basis from which much weather data ere oblained.
These tracks include an over-the-pole mission flown daily between Alaska and England. The
RB-57 aircraft are used almost exclusively for atmospheric sampling although temperature
end doppler wind data are obtained on a synoptic basis. Support for thunderstorm and clear
air turbulence experimental programs is provided upon USAF direction. The WB-47 is used
primarily as 8 weutber scout for iuflight refuelirg and fighter deployments, &nd support
of AFSC downrenge operetions.

(2) Tne WC-130 aircraft is presently capable of obtaining embient temperature, pres-
sure and absolute altitude and doppler winds ip the horizontel mode. The APN-59 search
radar is utilized for storm contour zzelysis s«nd pavigaticn. In *the vertical mode, texmpera-
ture, pressure and relative humidity are vbt=ined from flight level to the sea surfacc
utilizing the AMT-5 dropsonde. The respective sensors used include the ML-419 rod thermis-
tor, 8 pressure bellows and the ML-L76 carbon humidity element. The sonde falls st a
rather slow 1500 ft/min, has & peak pulse power outpui of 140 watts and transmits on
k03 mes. The pulse modulated sonde signals are fed into the AMR-1 or AMR-3 dropsomie re-
ceptor which records the data on a stirip chart from which interpretations of the measured
parameters are made. Both horizontal and vertical deta are manually worked up by the drop-
acnde operator and the weather officer. After review of the finalized data for obvioue
errors and the adlition of pertinent observer remarks, such as sea state, cloud observa-
tions, etc., the duts are transmitied to air-ground stations by HF single sideband voice,
for further dissemination to the ultiznie users. Horizontal observations are taken every
twc hundred nsutical miles on & tvpical 1vi3sion with vertical profiles obtained every four
aundred nautical miies. Typhonn end hurricane missions invclve penetration intn the eye
at 10,000 ft. eltitude. A sonde i{s dropped in the eye to determine sea level pressure
and vertical temperature gradients.

(3) The AMQ-25 meteorological system, inswalled oo the WC-135B aircraft, is the most
completely automated sirtorne weather reconnaissance system currently in operational use.
Horizontal censors include wind speed and direction, ambient temperature, radar and
pressure altitude, A wind vector computer utilizes inputs from the compass, airspeed
and doppler radar to compute North-South and East-West wind speed vectors. Temperature
is obtained via the Rosemount probe, and absolute altitude 15 cbteined from the APN-i2A
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radar altimeter. Vertical deate, including pressure, temperature and humidity profiles,
are presently obtained with the AMT-13 dropsande. This unit is & pulse modulated device
which tranamits on the 103 mes. Its peak pulse power is 18 watts. Sensors include the
ML-4OSA rod thermiator, the ML-U76 carbon humidity elcment and & pressure bellows,
eimilar to that used in the AMT-6 dropsoode, except that it moves on a wiper arm across
a wire wound resistor providing a continuous analog ocutput. Both horizontal and vertical
rav data are processed through he ITM CP-821 digitel computer. At each weather report-
ing position, all horizontal and vertical data are trunsmitted to air-ground stations via
1006-vord~per-minute SSB radio teletype in RECCO code format. Should the computer fail
at any time during & miesion, the system is switched to a bypass mode during which all
raw data in the horizontal or vertical plane are printed out for manual reduction.

(4) The Naval Heather Service operates & reconmaissance fleet of 15 WC-121N con-
stellations. These aircraft are employed primarily for tropical storm reconnaissance
and meteorological research progrems. Hurricene and typhoon penetrations are made at low
level and vertical soundings, using the AMT-6 dropsonde, are cbtained. The Navy and Air
Force storm reconpaissence unice support each other in tke tracking of tropical storms,
providing & more continuous observation of these phenomena. The equipment on the WC-121R
consists of & PRT-UA airborne radiation thermometer, sn AMR-17 Aerograph set, used pri-
marily for temperature, the SCR-718 and APN-159 radar altimeters, MA-l pressure altimeter,
+the FA-112 barameter, an AMQ-3 Vortex thermometer and the C-3 Cambridge Dewpoint Hygrometer.
The APN-153 doppler redar is used for determining flight level wind data. In addition to
an AMT-6 dropsonde capability, the SSQ-36 bathothermograpi probe is air-dropped to obtain
profiles of sea temperatures to a8 depth of 1000 feet. An air-launched rocketsonde is
under development. A1l data are processel through the Deta Acquisition Logging System
which provides a mix of autmatic and mamual inpute for either visual or recorded displays.
Deta outputs along with visual observations are recorded and/or transmitted automatically

in digital form. All air-ground transmissions are via 100 word-per-mimute HF radio
teletype.

(5) It 18 not uncommon knowledge that most operatiorsl asiruorne veather sensors are
well behind the state-of-the-art. The ML-476 humidity element, 88 & prime example, has
been in operational use for almost every conceivable application ranging from balloon
sondes uwud dropcondes to flight level aircraft sensors. Despite its long history of use,
the actual performance and washout characteristics of the element are essentially unde-
fined in the real world enviromment. Necdless to say, temperature measurement capabili-
ties and developments have far outstripped the rod thermmistors, presently used as sonde
temperature sensors in both response time and accurecy.

b. To meet the increasingly stringent envirommental data requirements of the 1970's and

vYeyond, Air Force Systems Commend is currently undertaking Project 5222, Advenced

Weether and Reconusissance System. This program is designed to equip all the AWS WC-130
and WC-135 aircraft with state-of-the-art sensors, sounding devices and electronic data
processing systems. According to the curreat schedules, acquisition of the first system
18 expected in calendar year 1973, however this is very optimistic. The progrex is broken
down into two acquisition phases. The first is designed to vastly upgrede our present
capability with sensors and subsystems that are availabie off-the-shelf or presently
nearing coampletion of engineering development. The second phase will be a longer term
sensor development program to replace or add new capabilities as they are developed.

The heart of this next generation system will, of course, he the data processing sub-
system. It is to be designed to provide the operator with complete control of the system,
yet not be tied down with detaiis of its operation. The system must be extremely ’
flexible and expandable to accept nev sensors and subsystems as they tecome available
from the RAD community. We will continue to use radio teletype ae tke alr/ground
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transmissiou mode until common user satellite communications are available. RECCO code
will also be used, hovever, some of the improved accurecies and new perameters will be
reported in the remarks section until code changes can be accomplished. The computer
software will actually operate the system using FORTRAN cr a simjlar familiar progremning
language. In the sensor area, temperature, pressure, and redar altitude, flight level
dewvpoint, turbulence intemsity and flight level wind speed and direction will be measured.

(1) Some of the new sensors are currently in the engineering development phase.
Air Force Systeme Command har a contract with Meteorology Research, Inc. to fabricate two
prototype systems to cbjectively measure the intensity of encountered turbulence inde-
pendent of aircraft characteristics and aircrev interpretation. Should this system prove
successful during the flight tests scheduled for late this sumrer, it will be available
for acquisition into the AWARS program. To obtain the required wind speed and direction
accuracies, a small ccale inertial platform wiil be used to provide aircraft reference,
without the errors of wave moticn. The system is to include accurete determirvation of
the heights of cloud tops and bases, and to fly outside a hurricape or typhoon and be able
to fully define the shape and location of the eye and wall clouds. This latter would not
only provide for a better visual picture of the stourm's severity but would permit the
identification of the safest path for penetration intn the eye.

(2) Requircments for vertical profile data from sea surface to 600,000 feet are also
to be satisfied by the 5222 program. As you know, we are presently unable to obtain any
data above flight level and cannot provide wind profile data below the aircraft. Hence,
a combination of dropsondes and rocketsondes is envisioned to resolve these deficiencies.
Current developments indicate that wind sensing may be incorproated into & standsrd drop-
sopde with minor changes. Beukers laboratory, under Weather Bureau contract, is develop-
ing & technique whereby & sonde's drift can be accurately tmacked utilizing either the
loran C or OMEGA navigational techniquec. Work is also underwvay by Honeywell, under
AFCRL contrect, to develop a separate windsonde. Although their technique appears prom-
ising, cost per sonde may prove prohibitive. The air-lsunched rocketsonde will be used
to obtain vertical profiles from 600,000 feet to the surface. Several independent rocket-
sonde sensor development programs Are underway.

(3) The second phese of AWARS, estimated for the late 70's and eariy 50's time frame,
will incorporate remote sensing techniques, including measurements of complete vertical
profiles, thus replacing dropsondes and rocketsondes. Remote CAT detection is also fore-
seen during this period and should be readily incorporated into the system. RNaturally,
there are many requirements which will not be setisfied under 5222 but are currently
receiving a great deal of scientific attention. Weather modification is a prime example.
During twc seasons of operational testing, super-cooled fog dissipation fram WC-130 air-
craft bas been successfully performed in both Alaska and Europe. Work is alreedy under-
wey for development of & standardized ¢o5ld fog dissipation system and should be campleted
for the 1971 winter season. Seeding to produce rain and to decrease tropicel stowm inten-
sities is presently being undertaken by AWS, ESSA, the Ravy and many civilian agencies.
Before such techniques reach truly operational stages, we must be capable of measuring
such perameters as moisture content, particle size, and probably a few parameters which
are yet to be determined. It seems likely that vast irprovements ian fine scale measure-
ments may be required Lo achieve Cplimum resulls.

(%) The 1ist of agencies conducting research into remote measurement techniques of
atmospheric phenomena is almoet endless. However, the Navy is doing & great deal of
work in the Temote measurement of sea temperatures and sea state using infrered methods.
They are restricted to lower altitudes using the current equipment due to haze and clouds.
The development of airborne sepsors has been severely limited for the past 20 years in
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that the meteorologist has not been able to state and prove, objectively, the effect
of varying degrees of inaccuracy on the final weather product.

c. In closing, there is one final area that I feel requires immediate attention. All
meteorological sensors installed cn aircreft are severely limited in value because there
ie no way o know their absolute sccuracy in the operational envirorment. How does one
prove ithat airborne winds are indeed representative of actual conditions, and to vwhat
accuracics? How does one know that & dropsonde's 500 mb temperature was really measured
at 600 and not 510 mb? We nave performed tests on the APN-L2A radsr altimeter to deter-
mine its accuracy. Optical triangulation on the Western Test Range proved it to have
excessive error. However, this technique is subject to its own errors vwhich limit tests
to relatively low altitudes. Similar tests using external standards are required for
all sensors. These tests, once estabiished, should te used for periodic calibretion

of all meteorological sensors. This is perhaps the greatest problem now facing the
veather reconnajissance program. No metter how tightly the specifications are written,
this in itself is no guarantee of operational attaimment. I feel that this problem of
determining accuracies can be sclved, given enough time and money. But, the work must
begin now if we are to realize the full value of accurate atmospheric date in the 1970's.
To those of you who are already working in this field, I would be most interested in
discuassing your techniques, theories or even bone-felt hunches. And for those of you
vho believe the reconpaissance program is unique in this problem of questionable accuracy,
I would like to ask two questions:

(1) Do you know the degree of ambsolute error in the rawinsonde data you use?
(2) Can you state objectively the effect in your particular area, or in fore-

casting in general, of decreasing the error by 50% - or of finding that the error is
actually twice as bad as expected.
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THE DEVELOPMENT OF METBOROLOGICAL SATELLITES IN THE UNITED STATES
AND THE QUTLOOF FOR FUTURE SENSING SYSTEMS #

Willism Nordberg
Laboratory for Atxospheric and Biological Sciences
Goddard :pace Flight Center, NASA

I. Basic Concept of Meteorological Satellites

The first series of meteorclogical satellites were devoted to the day-to-dsy identification
and tracking of weather phenomens such as storms, frontal systems and j°t streams on & world-
wide and synoptic basis. Cbservations consisted initially of photographing cioud patterns
with television cameras in day-time which were supplemented later by infr.-red rsdiometers to
make cloud observations at night. These observations have found prominent ap,’1ication in
short-term (2-3 dsys) weather foreca=ting. The identification and trecking of we: ther systems
by mapping world-wide cloud patterns tegan experimentally with TIROS I in 1960.

In a series of nine satellites from TIROS I in 1960 to TIROS IX in 1965, spacecraft technology

and date transmission and proceasing techaiques advanced progressively, so that day-time cloud .
photographs were acquired daily over the entire globe. In February 1966, the launch of ESSA 1
initiated the series of TIROS Operstional Satellites (T0S), which began to carry out global

cloud photography cperationally and routinely for the United States Environmental Science

Services Administration (ESSA).

Very early in the development of TIROS it became apparent that adequate nighttime cloud sensors,
such as the High Resolution Infra-red Padiometer (HRIR), snd the direct transmission of cloud
photographs to local facilities via the automatic picture transmission (APT) system, required a
larger, more versatile spacecraft than TIROS. Such spacecraft alsc had to accommodate experl-
ments not necessarily devoted to the tracking of c¢loud formatiuns, but rather to exploring the
many, as yet, ill-understood processes which are known to have a strong bearing on weather.

For example, it waa cesirable to continue the monitoring of the globel distribution of net
radiation flux; i.e., the energy difference between solar radiation sbsorbed and telluric
radiation emitted by the Earth's surface and the atmosphere. Such messurements had already
been made with EXPLORER VII launched in October 1959 (Weinstein and Suomi, 1961) and with
TIROS. Also on TIROS, experiments were developed to infer the stratospheric circulation,
global distribution of water vapour and Ssrth surface temperatures from radiometric measure-
ments. To carry all these experiments and to provide for their continued expansion and develop-
ment ve began, in 1960, the design of the NIMBUS spacecraft. This was an extremely important
step, as it permitted us to pursue the implementation of an immediate operational ohserveation
system based on TIROS while, at the same time, NIMBUS provided the potential and capadbility to
conduct scientific investigations and to develop sensors and technology which might eventually
be employed in a second generation cperstional system. The operational requirements for
ecquiring cloud observetions to meke forecasts were thus kept fram interfering with the
development of more advanced observation techniques to which NIMBUS, as a versatile and flex-
ible meteorological observatcry, was tailored.

One shortcaming of cloud observations with the TOS system could not be overcome with NIMBUS.
The observation of smmll-time-scale meteorological phenomena, such as severe storms, required
almost continuous observations of the same area over pericds of ceveral hours. Such observa-
+tions are only possible when made from & spacecraft in geostationary orbit; i.e., from an
altitude of about 37,000 km., From that orbit, we observe not only small-scale phenomena
continuously, but we also track cloud formations on & synoptic scale more effectively so that
in appropriate circumstances we can make wind measurements. For this purpose, two of RASA's
Application Technology Satellites (ATS) were instrumented with scanning photometers, so that
each satellite produced day-time images of cloud cover over cne-third c¢f the globe (McQuain,
1967). The first ATS was successfully launched in December 1966 and has the capability cf
transmitting a picture of the Earth's disc over the Pacific once every twenty minutes. The
other, ATS III, was launched in November 1957 and 1s capable of transmitting colour pictures

*Dr Nordberg was unable to give his presentation &nd Dr. Sherk of his latoratory spoke in his 3
place. This paper is & reprint with slight changes of Dr. Nordberg's article in W. M. Q.
Bulletin, Jan. 1969, which covers essentially what he would have presented at the Conference. L

53 ]

S NP




Figure 1. - The NIMBUS III spacecraft
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Flgure 2. - Gulf Streaw boundary positions derived fram NIMBUS II HRIR measure-
ments fram June to October 1966 (After Warnecke et al., 1967)
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at similar intervels for the Atlantic region (Warnecke amd Sunderlin, 1967). Ia contrast to
TIROS and NIMBUS, ATS were not developed specifically to mmke meteorologicai observations, and
they carry several experiments for other purposes. Nevertheless, they plan an important role
in our meteorological satellite programme snd their cloud-cover observations serve a purpose
which could not be fulfilled with the TIROS and NIMBUS satellites.

Because of the great capacity of NIMBUS for meteorologicsl experimeats and because of the
impact which such experiments may have on future develoruents of the Global Atmospheric
Research Programme (GARP), we shall discuss the NIMBUS concept and system in greater detail.

II. NIMBUS -~ A series of globel metecroclogical observatories

The same, rather sophisticated, bacic spacecra’t system concept is employed in each of six
NIMBUS missionu; three of these have been carried cut; one other is in preparation for

launch during 1970; and two more are being planned for launch after 1971.

This basic concept includes: a spacecraft capable of delivering in the order of 200 watts of
electrical pover to the experiments; s mechanical structure which can accommodate a maximum
number of experimental instruments and which can be pointed at the Earth at all times with an
accuracy of about 1°; a stable and moderate thermal environment required by many instruments;
a data system which can acquire and stcre in the order of 109 to 1012 bits per orbit and
transmit these data to the ground while passing over Alaska, end in eddition can traensmit
continuously a lesser amount of data. The NIMBUS -oncept also calls for observation of
practically all points on the globe at least twice during every 2L-hour period, alwsys at the
same local time. This is accomplished by placing the spacecraft into a sun synchronous orbit
at a height of about .,100 km. Thus, the orbit plane is inclined to the equator 98.7° and
precesses around the centre of the Earth at a rate that is synchronous with the revolution of
the Esrth around the sun. As a consequence, the relative orientation between the orbit plane
and the sun remains essentially constant and the satellite crosses the equator always et noon
and at midnight.

Although the basic NIMBUS conzept remained the same for six spacecraft (Pigure 1), many of the
spacecraft subsystems are being improved fror spececraft to spacecraft to provide greater
accuracy, reliability, or mo.t¢ importantly, to accommodete a changing and every-increasing
conplement of experiments.

The first two missions, NIMBUS I launcheG in August 1964 and NIMBUS II launched in May 1566,
carried experiments to:

a. Demonstrate improvements in making high-resolution dey-time cloud cbservations;
b. Demonstrate the feasibility of high-resclution night-time cloud mappiug;
¢. Transmit both day- and night-time cloud images to local receivers;

d. Map emitted telluric radiation as well as reflected solar radiation, in various spectral
bands.

The sensors consisted of:

a. A set of three television cameras and a tape recorder celled the Advanced Vidicon Camera
System (AVCS) for day-time cloud photogrephy.

%. A scanning HRIR to map and image thermal radiatvion emitted between 3.4 and L.2u by
cloud tcps or the Earth's surface. On NIMBUS II, HRIR images wcre transmitted also via the
APT.

¢. An additional television camera to transmit day-tims cloud pictures via the APT to simple,
inexpensive and often home-made receivers.

d. A scanning five-channel Medium Resoluticn Infra-red Radiometer (MRIR) to map and image

thermal radiation emitted by atmospheric water vapour or cirrus clouds between 6.4 and 6.9 p
by CO» in the lower stratosphere between 14 and 6 ¥ , by cloud tops or by the Earth's surface
between 10.5 and 11.5 u , and by the Earth's surface as well as the atmosphere between 5 and

0p .
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Figurs %. - Rediation emitted in the 1k - 16 M band measured by the NIMBUS II MRIR
over the southera hemisphere on 21 May, 10 Jun, 11 Jul and 24 Jul 1966.
Radiation intensities are expressed as temperatures (%K) of a black
body emitting the equivalent amount of rediation within this spectral
bani. The ceasured radiatim 1is emicted primarily in the lower
stretospher: and, in this region, is a good indicator of the relative
horizontal temperature fleld and of the gencral circulation.

On 21 May 1966 (1), the southern polar vortex was well established and
located over the Soutn Pole. It was, however, asymmetric. 20 days
later {2) the tempersture asymmetry was almost reversed and the cold

air centre ccoled by S°K, On 11 July (3) the temperature over the

Sonth Pole dropped ty 3 more degress. Finally, on 24 July (4) the temper-
ature distribution beceme symmetric around the Pole. {After iarnecke
and Melulloch, 1967)
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Reflected solar redimtion between 0.2 and L.0 4 wes wapped with the fifth channel.
Tuis instrument was carried on NIMBUS II only.

NIMBUS I produced observations covering almost the e.*ire globe every 24 hcurs with the AVCS
and APT experiments, and every 12 hours with the HRIR ex,.-~iment. These ohservations ceased
four weeks after launch when the mechanical drive for the paddles carrying the solar-cell
power source malfunctioned. Similar AVCS observations were obteined with NIMBUS I1I fram 15
May to 21 August 1966, HRIR observations, stored for each orbit and retransmitted to the
primary data acgquisition station in Alasks es well az transmitted directly via AFT over the
whole vorld, wore made from 15 May to 15 November 1966. The MRIR provided global maps of
radiation intensities for all five channels from 15 Mey to 28 July 1966. 1In each case,
observations ceased because Lhe tape recorder associated with each experiment ceased to
cperate. Day-time cloud pictures from the APT television camera, which was independent of

any tape recorder, were transmitted world-wide to about two hundred receivers for almost
two years.

The HRIR demonstrated not only that cloud formetions can be observed globally at night with

e spatial resolution of about 8 km, but also that cloud heights can be inferred from the
peasured cloud-top temperatures. Thus, at night, the HRIR produced 3-dimensional global cloud
maps which were not sttainable with television cameras. The 10.5-11.5 B channel of the MRIR
alsc produced these cloud-cover end height maps but during day and night and with considerably
lesser spatial resolution (50 km). Besed on this technology, there will he & high resolution
11 b scanning radjometer on ES5SA'a second generatior TIROS Cperational Satellite for day and
night operational cloud mapping, globally as well as by transmission via the APT system.

A major new approach to the synoptic mapping of large-scale weather patterns was demonstrated
by simultaneous analyses of the 10.5-11.5M and the 6.4-6.9 b channels of the MRIR (MNordberg
et al., 1966). The moisture and cloudiness contrast in the two chsnnels cowlJd be interpreted
as indications of large-scale vertical motions and of dynamic activity. The course cf the

Jet streams, with riaing air on the equastorward side and subsiding air on the poleward side of

the core, could be traced especially well.

In cloud-free areas the HRIR mapped temperatures cf the Earth's surface with sufficlently
great accuracy to ,.mmit the tracking of ocean currents (Figure 2).

Analysis of the combined measurements in the 5-30 M and 0.2-4 4 channsls and of the 14-16
chennels ¢f the NIMBUS II MRIR provided significant new insighis into two important atmospheric
processes; the global distribution or net radiative energy flux through the upper boundary of
the atmosphere (Mmschke und Pasternuk, 1967) and the morphology of the circulation in the
lower stratosphere (Warpmecke and McCulloch, 1967). Examples for these analyses are shown in
Figures 3 and 4 respectively.

III. Sounding the Atmesphere with ¥IMBUS III end IV

Bxperiments on NIDMDUS I and IT were devoted exclusively to improving the synoptic mapping of
meteorclogical phenomena or to making atmospheric meeasurcments of general scilentific intercst
The succegs of modelling the general circuletdon of the atmosphzre mathematically, wnich came
to fruition recently through the facility of large computars, now placed en entireiy different
reguirement on satellite cbservations: 1t called for the global description of the atmospheric
mess and wind fields et various height levels. For, if such e description were ocbteined, it
could be nsed mathematically as the initiei state of the atmosphere form which its future
state could be computed. Thus, mathematical weather predictions, possibly over periods of

two weeks, might become feasible.

Unfortunately, the only applicable parameter which at this time lends ltself to measurement
from satellites is the temperature varistiion with height in the troposphere and lower strato-
sphere. Even that measurement may be seriously compromised by the varying cloud cover. But
still, based on existing rfenscr and spacecraft technology, this is the most promising measure-
ment to be made. Temperature as & function of height in the stmosphere might be infexred
from measurements of radiation emitted by & ges such as CO,, which is uniformly uixed with
eir. Meesurements must be made spectrally; 1.e., at several wavelengths within the absorption
(emission) band of the gas. The derivation of temperature is based on the concept that the
spectral radiance (which 1s related to the temperature of the pas) observed by the satellite
at various wavelengths corresponds to different height levels, depenaing on the transparency




of the gaa st a given wavelength. This concept is illustrated i{n Figure 5, where the
spectral radiance measured near the edge of the CO, band, indicating a temperature of about
253°K near wave number 800 cm'l, corresponds to a temperature neer the surface while the
temperature of 230%K at the centre of the absorpticn band near 670 cm”™t, where 002 ig8 most
opaque, corresponds to the maximum height, several kilometres above the tropopause. The
temperaiure reversal at the tropopasuse is clesrly indicated in the spectruz uear 620 and
700 cm™*. The atmospheric mass field — {.e,, the variation of density with latitude,
longitude and height — could be computed from the measured tewperature profilea, provided
that pressure at a given level, preferably the surface,is known. Swrface pressure could
be measured by autamatic sensors distributed world-wide ard transmitting their data to a
satellite,

Measurement of wind from satellitee is very difficalt end has so far been successful only
under severe limitations, through inference from cloud observations with the ATS. Wind
measurements fran lower-altitude sstellites might be pertformed by tracking free-floating
balloons globally at various height levels. Eventual operational systems will probably
cunoine both techniques to errive et a satisfactory description of the wind field.

On the basis of these requirements and agsessments, two spectrouweter experiments capuble of
measuring the vertical temperature structure and one experiment capable of relaying measure-
ments from automatic stations and of tracking balloons were selected for flight on NIMBUS TII.
One spectrometer is a Michelson interferometer called Infra-red Interferometer Spectrometer
(IRIS) whizh operates between € and 20 U at & relative spectrel resolutian of 1:200.
Included within this spectral {nterval are the water-vapour absorption band centred at 6.3/.1 »
the 9.6 ) ozone band, and the 15 Y €05 band. Hence, jnfcrmation on atmospheric water
vapour and ozone a3 well s verticsl tempsrature structures should be available from these
data, The second spectrometer, the Satellite Infra-red Spectrometer (SIRS), is a modified
Fastie=Ebert grating spectrometer. Hadiant energy is ditected in seven spectral intervals
of the 15 M CO, band. The spectral intervals are 5 cm™— wide. The eighth channel senses
radiation in tge atmospheric window, centred at 11.1 g

The data relay and balloon tracking experiment, celled Interrogation, Recording and Location

System (IRLS), consists of a satellite-borne transmitter, receiver and computer which, by E
communication with a given automatic ground station, cen determine the location of the

station within about 2 km and cun slso Interrogete a set of sensors, such as a thermistor,

contained in the station.

Four additional experimeris have been zelected for flight on NDMBUS III. Three of these

will continue the mspping observations of NIMBUS I and II: the HRIR, MRIR and the Image

Dissector Camera System (IDCS), which 4s an improved television camera. The fourth, Monitor

of Ultra-violet Solar Energy (MUSE), will expand the capability of NIMBUS to perform

scientific investigations relevant {0 meteorology. MUSE will measure solar rediation

in five, 100f-wide spectral intervals ranging from 1200 tc 26002, Variaticn in that

radiation might have a strong bearing on the energy input into the stratosphere. E

The first launch of NIMBUS III was attempted on 18 May 1968, but failed because of a mal-
function in the launch vehicle. A successful launch of a replacement was made in April 1969.

A complement of nine experiments on NIMBUS IV will continue the pursuit of the three major
obJectives: atmospheric structure measurements for mathematical prediction models, basic
scientific investigations, and mapping of horizontal fields, in that order of priority. The
emphasis on the first obJective is indicated by the fact that four experiments will be
capable of temperature soundings end three of the four will also measure vertical distribu~
tion of water vapour: the IRIS with its spectral range extended to 8-LO M : the SIRS with
the addition of 6 spectral intervals, mostly in the rotational water-vapour band between 18
ard 301 ; and a Filter Wedge Spectrometer (FWS) opersting between 1.2 and 6.4 H . The other
temperature sounder is a Selective Chopper Radiometer (SCR) operating in the 15 B COp band;
it {s expectred to achieve a very high spectral resolution by filtering the radiation through
CO2 absorption cells. The IRLS experiment will be expanded to ve capable of interrogating
nhundreds of stations instead of the 20 on KIMBUS IIl1. Also, & balloon experiment will be
performed to measure the wind field at at least one height level over & large selected
region, such as the tropics; on NIMBUS IiI, only an englineering test of the system, involving
less than six balloons over the United States, will be perforrad.
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Scientific investigations will be further expanded with NIMBUS IV. A Backscatter Ultra-
violet (BUV) spectrometer will measure the intensity of solar radiation reflected by the
atmosphere in 14 intervals, each 10% wide, over the spectral range from 2500 to 3400K. The
global vertical distribution of ozone at heights from 15 to $0 km will be derived from these
measurements. The MUSE experiment will be continued, and its value will be enhanced bty
combining it with the BUV measurements.

Measurements of horizontal water-vapour and cloud fields will be greetly improved by a
scanning Temperature and Humidity Infra-red Radicmeter (THIR) operat.ng in the 6.3 1 water-
vepour and the 11 4 window bands with a spatial resolution of the HRIR. The IDCS will
continue to provide television pictures for reference purposes,

It 18 expected that the experiments on NIMBUS IV, for which early test models exist alreedy,
will be flown by 1970.

Flans are now being made for the development of two more NIMBUS spacecraft to be launched
after 19T1. They might extend the earlier experiments for both vertical soundings of the
atmosphere and mapping of horizontal fields into the microwave spectrum. The same principle
a5 in the infra-red holds for sounding and mepping at longer savelengths, except that micro-
wvave emission frca clouds 1is confined essentially to dense water cloud . Thus, vertical
temperature soundings in tie microwave spectrum will suffer from cansiderably lesser inter-
ference by cirrus and stratus clouds and by haze than in the infra-red. Oxygen, at wave-
lengths near 0.5 cm, serves as the emitter analogously to the 15 M CO; emission. Water
vapour can be observed at 1.35 cm and heavy clouds or rainfall could be mpped at wave-
lengths between 1.5 and 1.8 cm. These spacecraft may also carry experiments to expand
scientific inveatigations, especially, for example, by siudying the interface between the
ocean surface and the atmosphere and interactions between various atmospheric levels.

Iv. Outlook

Results from the NIMBUS and ATS experiments will be applied to develop a second generation
operational meteorological satellite system in the United States. Also, on the basis of

the experience gained from NIMBUS and ATS experiments, satellite cbservations could be
designed specifically to apply to GARP and t the World Weather Watch. The problem is to define
define the most suitable ocbservations required by these programmes and to conduct the opera-
tion cost-effectively. This must be accomplished in the near future through the cooperation
of appropriate internationsl organizations. The necessary technclogy is certainly available.
Por example, a simple meteorclogical satellite (eimpler than the mresent ATS) at geosyn-
chronous altitudes could support a regional (tropical) GARP experiment by observing cloud
cover continuously and by relaying date fram surface and airborne platforms. A more
extensive global experiment eould be supported by a series of such geosynchronous satellites
plus a low-altitude spacecraft in a high inclination orbit, but .simpler than NIMBUS, to
perform vertical soundings.
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Figure 5, - Spectrum of the atmosphere obtained with an infra-red interferometer
spectrometer fram a balloon at an altitude of about 31 km over Texas,

May 1966. ‘The measurement was provided by R. A. Hanel, Goddard Space
Fiight Center and L. Chaney, University of Michigan.
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NATIONAL DATA BUOY DEVELOPMENT PROJECT
A STATUS REPORT*

Captain J. A. Hodgman, US Coast Guard#¢
National Data Buoy Development Project
US Coast Guard Headquarters
Washington, DC 20591

In 1967 the US Coast Guard was selected by the National Council to undertake the
RDT&E nacessary to develop the capability to implement Netional Deta Buoy Systems.
The development 18 based upon the composite Federal agencies' requirements, both
military and civilian, for marine envirommental data to the degree practical.

The development of National Data Bucy Systems 1s predicated upon a "systems
effectiveness concept" focused on the capebility output - the product of the
total system: data buoys, servicing ships, shore station support, telecormumica-
tions and sensors. System plenning embraces the "user-producer” dialogue und the
Concept Formulation/Engineering Development philoscphy of the RUT&E process as a
guide. The Preliminary Concept Formulation Summary document provides an outline
of ini“ial promress and plans.

The Fiscal Year 1969 program encowpassed project mansgement, systems planning and
iuvestigaticns associeted with Concept Formulation. The in-house, contractual amd
cooperative s~tivities are describved. These efforts are being used as inputs to
formuletion oy Proposed Technical Approaches (PTA) with contractual assistance &s
part of a long-range development plan. The systems engineering and management
support teams will also contribute towards formulation ¢f the Concept Formulation
Plan (CFP), down to the work statement level, and a detailed test and evaluation

program.

The development program consists of a three-pronged attack: (1) laboratory and

n situ test and evaluation program for sensors, buoye and subsystem components,

\2) Pllot Buoy Network development - Concept Formulation and Engineering Develop-
ment of RDT&E networks, and (3) an exploratory development program - improvements
beyond the near-~-terms state-of-the-art for high risk or low performance components
and materials. In addition, national requirements for the US Great Lakes, estuaries
and Arctic will be investigated.

INTRODUCTIOR

In 1967 the US Coast Guard was selected by the National Council on Marine Resources and
Engineering Development to undertake the research, development, tesi and evaluation (RDT&E)
necessary to develop the capability to implement National Data Buoy (NDB) Systems.

Being warine oriented, I am sure you concur in the need for marine envirommental date to
further improve our aclentific knowledge of the atmosphere and the oceans, depict their pre-
sent state more accurately, and improve predictions of their future state. Data buoys have
been shown to be cost effective and have a significant capacity to acquire the volume ard
quality of data required, among & mix of platforms (1, 2, 3). More recently, other national
and international planning activities have stressed the need for a conrdinated datae collec-
tion system utilizing buoys and other appropriete platforms (4-9). Another recent study, the
Report of the President's Commission ~m Maripe Science, Engineering and Resources, highlights

w[here vas insufficiert time on the agenda of Session I for presentation of this status
report. However, Captain Hodgman was invited to submit the report for publication in
these proceedings. Captain Zettel, USCG, spoke briefly about it in the discussion period
of Session IV.

#*The opinions and assertions expressed in this paper are those of the author, and do not
pecessarily represent the views of the Commandant or the Coast Guard at large.
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a "pilot buoy network"” as a National Project meriting "consideration for early implementatiomn"
(10). It identifies the Coast Guard as the agency to develop buoy technology, develop ani
evaluate systems reauiremerts, and take the necessary technical and enalytical steps leading
to & nationel capatility to deplcy NDB Systems. Rather than generalizing further, I should
like to devote the remainder of this paper to summarizing the NDB Development Project's
planned program and first vear of progess. I emphasize that we are in the conceptual stage

of the prosranm and are working with other Federal agencies, the scientific community, inter-
agency groups, users anad the Congress to develop a course of action that will meet nationsl
needs at the least cost,

PLANNED PROGRAM

A fundamentel development goal of the NDE Development Project is to deploy pilot buoy net-
works by 1675. The pilot buoy networks will:

. « + be deployed along the continentel shelf and deep oceans adjacent to the United States.
« o« s be used to assess the religbility and effectiveness of the prototype development.

. « » provide data that will permit a better scientific upnderstanding of the marine
environment.

. + . demonstrate the economic, military, scientific and social benefits that may be
cderived from operational NDB Systems.

The development program is based generally on a three-pronzed plan of attack (Figure 1):

{1) First, a thorough assessment of buoy end sensor technologky. Concurreni laborstory
and in situ testing and evelustion of sensors and support hardware will be copducted. Plat-
forms in the oceens, together with mobile communications equipment will be used for in situ
testing of components such as sensors, moorings, telemetry, and buoy platforms. This effort
will provide performance information for correlation with laboratory test results.

(2) Second, & program of applied resecarch and exploratory investigations. This phase
will be directed at achieving improvements beyond the near-term state-of-the-art for high
risk or low performance components and materials. Investigations will cover items such as
sensors with 2 minirum number of moving parts, improved protective coatings to prevent
marine fouling, new materiais for mooring cables, and improved power supplies. The require-
ments for observations in the Great Lakes, estuerial, and polar regions will also be studied.
Development cf biclogical and chemical sensors which would expand buoy system capability may
also be urdertaken.

(3) Fipally, Concept Formulation and Engineering Development of pilot bucy networks. ¢
The objective of Cecncept Formulatior is to provide the technical and economic bases for a
decislon to initiate Engineering Development. During Concept Formulation, cost, performance,
and schedule estimates of system alternatives needed for adequate tradeoff ard risk analyses
w11l be undertaken. Design factors of major cowponents such as sensors, moorings, power
supplies, telemetry, buoy platforms, servicing ships anc shore station will te investigated
along with operatioral and maintenance concerts. Mission and environmental variadbility
analyses and refined requirements will be integrated with the technical development to yield
realistic perforuance characteristics, and the technical feasibility of the systems proposed
will be demonstrated. The activities of Concept Formulation will result in firm requirements
and baseline characteristics for data buoy systems with competitive cost-effectiveness values.
During Engineering Development, design specificationms will be developed and pilot buocy net-
words designed and manufectured.

YEAR OF PLANS AND PROGRESS

The Project has now been in existence cver & year. For the first few months, the Project
C{fice was supported by availeble reprogrammed funds within the Coast Guard. The primary
activities centered arcund orgenization, staffing, development of system planning, progrem-

ming a?d)budgeting, and continuation offollow-on studies to amplify the initial Feasibility
Study (1).
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As you remember, the geperal Federal budget reduction in Fiscal Year 1969 precluded e full-
scale start of the development program. Funds in the amount of $580,000 were reprogrammed
from within the Coast Guard Research and Development approprisation to sustain the project
after Congress deferred funding of the Project without prejudice., With these resources we
vere able to perform selected amctivities incident to Concept Formulation in Fiscal Year 1969.
Needless to say, the budgetary situetion for Fiscal Year 1970 is still uncertain. The portion
of the planned program the Project will be &ble tc execute the coming year will be determined
by the present budgetary decisions and subsequent congressional action.

Pespite the relatively low level project funding to date, however, significant steps have
been taken this past year. They encoupass systems planning end investigations through in-

house, contractual and cocperative efforts. I will briefly touch on twelve of these activ-
ities.

(1) System planning embracing the "user-producer" dialogue of the RDT&E process has been
initiated. The Preliminary Concept Formulation SummAry document (11) issued by the Project
Office outlines the factors involved in the development task, an approach to the problem and

general plans for Concept Formulation. It also promulgated a Tentative Specific Operational
Requirement (TSCR).

{(2) Under contract to the Project Office, the Travelers Research Corporatior has com-
vrleted additional work consisting of:

« « » Refined naticnal marine environmental data requirements (12),
+ « . Computer programs for simulation and cost models (13).

e« ¢+ « Simulation model of the operations involved in the deployment and maintenance of
buoy metworks (14).

« + » Investigations of the natural variability of pertinent marine environmental para-
meters and the impect on data use and performance characteristics (15).

Cost- effectiveness sensitivity studies of alternative data buoy systems, alone and
in various combipations with other platfarms (13).

(3) The opportunity was used to add a real-time satellite relay capability to one buoy
being deployed as part cf the Jjoint Scripps Institution of Oceanograph-Office of Naval
Research (ONR)-Coast Guard North Pacitic experiment. One of OMR's large discus buoys was
fitted with VHF cormunications equipment to permit the relay of measured data via the NASA -
ATS-1 synchronous satellite. This added capability will provide side-by-side comparison of
qFta transmitted directly by HF with data transmitted by satellite link communications.

(4) 1In sensor development, the efforts of the Project Office have focused cn a survey
of oceanographic and meteorological sensor technology. Similar review of other system com-
ronents is underway. In cooperation with other Coast Guard activities interested in oceeno-
grarhic sensor development, and in coordination with the Nationsl Oceanographic Instrumenta-
tion Center and the National Oceanographic Data Center, the Project is currently reviewing
proposals for a study to:

+ + « Assess the state-of-the-art of oceanographic sensors.
e » « Formulate test and calibration standards and procedures for Coast Guard sercors.
« » « Establish standard specifications for hardware.

(5) A 1imited mooring test and evaluation program is in the planning stage; tests in
the oceans will commence in the fall of 1969.

(6) Quantification of the potentiasl venefits to users which will be achieved from
improved merine envirommental informetion is recognized as a difficult task. Not only must
one determine and relate the necessary increased volume and quality of data, with appropriate
spatisl coverasge, to improved levels of envirommental prediction, tut a second step is also
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necessary-that of relating the net worth of the improved environmental predictions and data
to benefits to the users. And finally, the appropriate mix of sensors and platforms for the
optimum environmental system must be determined. Much of this work 18 beyond the scope of
the Project Office. However, initisl efforts impinging upon NDB Systems developwent have
been undertaken. For example, in-house efforts have resulted in survey and documentution,
in a preliminary fashion, of the extensive need for and use of improved eanvirommental infor-
mation by the construction and offshore oil and gas industries and by marine military (mnaval)
activities. Similar efforts are also being directed toward the fisheries industry. In
addition, the Project Office has recently contracted with the Resource Management Corpora-
tion of Bethesda, Maryland, to assess the benefits to transportation {air, land and sea) that
will accrue from improved environmental prediction. Similar in-depth guantitive studies are
needed for ell major functionsl users of improved environmental information.

(7% Six high-frequency radio bands have been set asid: for oceanographic use on an
international basis. The Project Office is funding and coordinating a study effort by the
Environmental Science Services Administration's (ESSA) Institute of Telecommunication
Sciences to recommend the optimum utilization and allocation of this limited resource.

(8) Earlier this month the Project Office sponsored a Scientific Advisory Meeting at
the Ccast Guard Acadery, New London, Connecticut. Attendance included more than 20 leading
scientists working in the field of the marine environment. The experience and guidance of
this knowledgeable group will provide an important contribution to the development and use
of NDB Systems. Their interest in integrating scientific experiments into pilot buoy net-
vworks and operational systems is particularly notewcrthy.

(9) Ship support for the major Federal government data buoy programs nas provided velu-
able experience and information on buoy nardling amd servicing problems.

(10) As in any other major development effort, extensive coordination with potential
users, the scientific commnity and industry is considered necessary and is beilng effected
on a continuing basis. In addition, the Project Office is working with other Federal
agencies in developing United States' positicns for iwplementing "ocean staticns” for data
acquisition, and in internatjional sharing of the data and resulting products. These
activities are coordinated internationally through the Integrated Global Qcean Station Sys-
tem {IGOSS) Working Group of the Intergovernmental Oceanographic Commission (IOC) and the
World Weather (Yatch) Prosram WWW) of the World Meteorological Organization (WMO).

(11) In the areas of alternative tecanical approaches and ccst-effectiveness analyses,
twc major in-house studies have been undertaken. The first contains substantial elements of
a Proposed Technical Approach (PTA) for data buoy network development in the deep ocean and
coastal areas, considering only data buoys with an optirum capability. The second study
compared alternate levels (vertical) of sensing capability with costs associated with achiev-
ing the postulated capability. The latter results indicate that systems incorporating
advanced technology are significantly more cost effective than systeus btased on exisiing
capabllity. The extent of systems implementation should not alter this relationship. How-
ever, there does not appear tc bte & clear cut differentiation among the various levels of
capability based on cost-effectiveneas alone. 'Therefore, systems planning should incorporate
flexibility during the early development phases. These study efforts will be used, in con-
Junction with contractual suppori, to develop a Proposed Technical Approach (PTA).

~ (12) As a result of competitive selection, the Project (ffice has coniracted with the
Systems Management Division, Sperry Rand Inc., for system engineering and project managerent
support. Sperry Rand is nov essisting the Project Office in documenting the Prcposed Tech-
nical Approaches (PTA) as pert of & long-range development plan. The work will include, in
more detail, e Ccncept Formulation Plan (CFP) duwn to the work statement level and & test
and evaluation progranm.

FUTURE PLANS

The scope of future plans will depend upon the level of fundinrg authcrized. It is
anticipated thet the Fiscal Year 1970 program will contimie mission and systems engineering
analyses, initiate a program of sensor tests and development, and investigate ard test
design factors for tuoy hulls 2nd meorings. Additional impertant work, however, needs 1o be

accomplished. System perform ice rejuirements must be defined more accurately tc permit
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inproved systenr engineering andlyses, and reliability and maintenance concepts must be
iavestigated in dztail as part of the systems engineering effort. The initiation of sensor
Gevelopment and & testing program are critical first steps in pilot buoy network develop-
pent. DBuoy hull apd mooring design factors are needed now due to the extensive interaction
of thease tvo components with other segments of the system. The effcrts of Fiscal Year 1969
will form *he besis for selection of the critical activities to bve carried out in 1970.

CONCIUSION

The development of NDE Systems is difficult, tirme consuming and costly, even using the
experience of related programs. Yet all ini“ial analyses indicate that the benefits which
should be derived from improved understanding end prediction of the global enviromment will
exceed costs by a large msrgin. Near real-time synoptic information from the ocean arees of
the world is essential to any improved understanding and prediction of the envirorment, and
bucys are & cosi-effective approach to obtaining that information. For this reason the
Coast Guard project to develop the capability to implement national buoy networks is an
important part of the United States' marine sciences program. The demonstration of the
ability to cperate limited networks in the oceans, to solve scientific problems and derive
economic, military and social benefits from them, 18 a major development goal. I anticipate
buoys of more than one class or capability. It is probable that following the development
program operational aystems will be deployed in oceans adjacent to the United States where
nstional benefits will be greatest and in nationally sponsored environmental experiments.

It is clear, however, that esch step in development and implemertation must be justified,
and the pctential benefits defined, to assure that limited naticnusl rescurces are effective-
ly utilized.

The development program requires coordination with similer pregrams involving dats
communications, processing and archiving systems, 85 well as ccmratebility with inter-
national syatems. Through such coordination and & systematic spproach to development, the
Coast Guard will assure that NDB Systems will be developed that are responsive to the
compoeite national requirements.

FIGURE 1 NATIONAL DATA BUOY DEVELOPMENT PROGRAM
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USAF AEROSPACE ENVIRONMENTAL
DATA COMMUNICATIONS
IN THE '70s

Robert W. Fanning, Major, USAF
DCS/Operations, Communications Division
Hq Alir Weather Service
Scott AFB, Illinois

The function of USAF Aerospace Environmental Data Communications is to
build a comprehensive world-wide environmentil data bacse at one place
— AFGWC, and second to provide USAF supported functions tailcred
portions of that data tase which they raquire. The envisioned con-

cept of building and applying a central data base is viewed as valid
throughout the foreseeable future,

To huild the data base, USAF raps many data sources. By far, the bulk
of environmental data are obtained from cther than U. S, military
sources. The simplest of these 1s a reletype drop from such services
as the U.S. Weather Burecau. However, dasta sources employed range in
complexity from manual intercept of CW Morse broadcasts to connection
with satellite data wide-band telemetering systems.

Environmental information 1s disseminated in many ways. Data are pro-
vided to weather stations in the time-honored teletype collective and
facsimile map forms. Relatively new on the scene, hcwever, is pro-
vision of envi:onmental information, tallored to operational require-
ments, directly from a meteorological computer to a command and con-
trol or other operational system on a query/respnnse basis.

The commuanications equipment and techniques employed are an analgama-
tion of manual, semi-automated, and fully automated facilities, The
need for such a broad range of communications capabilities is seen as
a continuing requirement as newly emerging data sources enter the

world meteorological community on a low technical and economic level,

while the now very sophisticated systems continue to push the state-
of-the-art,

1. Introduction

The Air Weather Service (AWS) goal is to provide our USAF and U. S. Army cus-
tomers with environmental information tailored exactly to their requirements.
AWS 1s pursuing centralizatisn as the measns to achieve that kind of envirorte
mental support capability, Our centralizatiou concept envisions a comprehen-
sive world-wide data base at the Air Force Global Weather Central (AFGWC),
Offutt AFB NB: a data base extending from about 72 hrs in the past tc some 48
hrs in the future. AWS suppurt 1s increasingly based upon providing from this

data base tailored information for places, times, and altitudes required to
satisfy our customers.

II1. Production Of The Data Base

To acquire a world-wide environmental data base, the USAF taps many sources.
Conventional weather data are collected from U. S. military bases on USAF
weather teletype circuits throughout the world, and from the familiar FAA angd
USWB domestic weatner teletype services. Simflarly, overseas we are connected
to foreign national meteorological teletype systems such as the British, Ger-

man, and Japanese. We are also planning a direct interface with the World
Met:orological Organization World Weather Watch hub at Tokyo, Japan.
69
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Radio Weather Intercept. A great deal of the world's observaticnal data is
not availablz through conventional teletype sources. To get the dense data
coverage we require in a timely fashion, the USAF has in operation a radio
weather intercept program. The Air Force Commnunications Service operates six
intercept sites for the USAF. These six sites are located at Fuchu, Japan;
Croughton, England; Ie Shima, Okirawa; San Pablo, Spain; Clark AB, R.P.; and
Iacirlik. Turkev. Now in the programming stages is an fntercept capability
for Howard AR, Canal Zone, to scquire Scuth American data.

In acddjtion, the U. S. Navy auguments the USAF Intercept capability with their
facilities at Sangley Pt., R.P; Novthwest Cape, Anstralia; Rota, Spain; and
Asmara Ethiopia,

Even with tnis multitude of sources. the vorld data base is far frow complete,

especially for the Southern Hemisphers.

Automated Weather Natwork (AWN). Ask any weatnerman, hke'll tell vou it takes

too long to collect data. 100-WPH teletype is too slow - let alone 25-WPM CW
Morse C>yde radio intercept.

To speed data delivery and improve ultimatie support to the USAF, the AWN was
coaceived in 1964 and implemented in 1965. The purpose: to cut delays be-
tween the source collectjon ponts and the AFGWC. The AWN consists of UNMIVAC
418 computers and peripherals at Fuchu, Jzpan; Righ Wycombe, Engiand; Tinker
AFB, Oklaboma; and Offutt AFB, Nebraska, conrnected by data spced circuits.
The Tiunxer site will be trznslerred to Carswell AFB, TX in October 1969, aud
a8 uew site will become operational at Clerk AB, R.P. in vecember. Once the
data enter the AWN computers, they are delivered to AFGWC within about 3
minutes. This [s a far cry frow tihe old paper *“ape and radio te.etype system.
While the prime purpos: af the AWN is to deliver data to AFGWC, the computer
capability of the AWN has been exploited to control our UGSAF teletvpe
collection and dissemination systems. The return aide of ths full duplex AWN
data circuits is used to deliver AFGWC prognostic pyroducts to high speed
printers at Fuchu and High Wycombe. These products support the weather zen-
trals at those sites and their respective facsimile schadules. We are ex-
ploring ways to move digitized grapnhics products through the AWM.

How well has this system performed? 1In the cid '50s, it took 6 hrs vo gather
enough date to make 2 usablz: global awalysis and pr: gnosis. This resulted in
USAF customer support being based on 3i-hr prognoses. By the mid '60s,
colleciion tiwe was down to about 4 houvs, and we were working with a mission
widpoint of something over 30 hours. With the AWN, we are now delivering the
data to AFGWC 1in time to permit data cutoff at 3 hrs and 20 miu after synoptic
ocbservation times, with the result thar our mission support today is essen-
tially based on a 24-hr prognosis. Not all this speed-up is due to faster
data collection. A good deal of the speedup has heen accomplished in rthe data
processing at AFGWC, some by better ccordinated support procedures, and some
13 due to improved product dissewmination techniques.

The Collection Task. We have seen how we gain access to a lct of data in
widely scattered places; how d¢ we get it to AFGWC and our other users who
need it? The teletype circults, and radio intercept data converted to tele-
type form, are fed into couwputers 9¢ the Avtomated Weather Network (AUN).

The AWN computers assimilate, sort, edit, ccmpile intyv messages and distribute
the data. Ga-bage and duplicaces are eliminated. All unfique data zre seat to
AFGWC, and selected portions of the data are distributed iu-theater or con-
ventional teletype circults: DBase weather stations sti{ll neec observations
and forecasts for day-to-day support., i1l the data wnich flovs through the
AWN 8 preserved on magnetic tapi . and eventually fiuds Jts way to the archives
at Asheville NC.
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Satellite data are acquired at AFGWC from the national gsatellite data system.
Soon, Vela satellite data (non-metecroiogical environmental data) will begin
to flow from Sunnyvale CA directly into ATGWC. The Navy's Fleet Numerical
Weather Central (FNWC) at Monterey CA is connected to the AWN; AWN data flow
to Monterey and ship reports available to Monterey from the Naval Environ-
mental Data Network are passed to AFGWC via the AWN, A direct data link be-
tween Monterey and Offutt is planned in the near future to permit interex-
change of classififed information. There is also a data link between the AWN
and the ESSA Mational Meteorological Center at Suitland MD. Another new AWN
site is being planned for Sembach, Germany, to replace outmoded manual weather
relay centers at Torrejon, Spain; and Ramstein, Germany. Finally, just in the
planning stage, is an AFGWC automated {nterfaca with our Environiental Techni-
cal Applications Center, to gain near real-time access to climatological dats
for our customers' planning purxposes.

TII, Future Plans

What then does the future held? First, we think we are on the rignt track by
centralizing and automating our capabilities and in operating from the single
data base concept. For direct conmputer-to-computer support, we can only go
as fast as our supported cummands' systems will allow. On the other haand, to
acqulire data from meteorological agencies which are just entering the world
community on a low economic level, we must retain a capability to communicate
in a relairively primitive mode; for example, the CWV Morse radio intercept. A
few firm advances in our communication systems are becoming clear, however.

Digital Graphics. The AWS, like other metecrological services, has for many

years used analog facsimile to send maps and charts from central faciiities
to using locations. Within the next few years, we plan to convert from oul
oresent analog facsimile to a new digital graphics system.

Proposed USAF Digital Craphics Equipment
(Artist's Conception)

Fig 1. Trausmitter, AN/GMT-34&( ) Fig 2. Recorder, AN/GMH-5&( )
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Fig 1 is en artist's conception of the digita) graphics transmitter. For ease
in operation, the tape drives will be located in an adjacent stand-up cabinet
rather than in the transxzitter, as shown. This device will transmit either
from page copy (the table top 1is a flat-bed scanner) or from properly for-
matted computer tapes. A copy of each transmission is stored by use of a
quarter inch magnetic tape canister, which can be retained for retransmission
purposes. Whether transmission is from page copy or computer magnetic tape,
the transmitter performs data compression wivh a small internal computer
through a compactior algorithm. The compressed information {s retained im the
nagnetic tape canister.

Fig 2 1is an artist's conception of the recorder - reproducer. Transmission
speed-up 1ls accompligshed in two ways—first, by the data compression technique
and second, by special modems which are internal to the transmitter and re-
corder. The recording technique uses an electrostatic medium which is 18"
#ide, .and employs the familiar ink-toner. Copy will be available for use with-
in about 15 seconds after the end of a transmission. By use of up to 100 key
signals sent by the transmitter, it is possible for the recorder to auto-
matically record or reject particular products.

We expect to see the first production wodels in ebout a year, and to have some
circuits converted by 1972,

Data links. There will soon be some new data speed connections to AFGWC. One
ig with the satellite control center at Sunnyvale CA which 1 mentioned earlier.
I: is for satellite data acquisition using CDC 160A computers at Sunnyvale
which will talk direcctly to the computers at AFGWC.

Tone Tactical Air Command forecast center at Langley AFB VA will use a UNIVAC
DCT-2000 to acquire needed data from AFGWC. It will be on-line to the AFGWC
UNIVAC 1108 systew through a 2400 baud line, Basically, it consists of a
high~speed printer and a punched card send capability for use in requesting
information from AFGWC. 1t will not provide for direct input to the TAC C&C
system, but 1ls a step in the right direction.

“BACKUP"
SWITCH
TAPE
3600BAUD
CHANNEL [ AFGWC
cTTTTT T sMALLl unos
t
‘ ] eru \
| <
I T
,WANDOM 7T | |
| ACCESS ‘,.J H/S H/SPRIR
\SIORAGE \ __/ PRINTER BACKUP

Fig 3. Proposed NORAD Forecast Center Data Terminal
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In support of North American Air Defense Command (NORAD) and our solar fore-
cast facility at Colecrado Springs CO, we plan a small data terminal of roughly
the configuration shown in Fig 3. Data will flow frow AFGWC through a small
computer at NORAD, Some data will be written to magnetic tape for direct in-
gestion into NORAD C&C computers. Other data will be routed to high or 1low
speed printers 1in support of the solar forecast unit and other NORAD Forecast
Center functions. 1In addition, a send capability will permit that center to
request special data from AFGWC, and to transmit solar products to AFGWC for
further distribution via the AWN or other communications facilities.

Satellite Communications. We are looking more and more to satellite communi-

cations. We anticipate that the AWN data channel from Carswell to Clark will
be via satellite. Moreover, we envision the satellite as a potentially power-
ful means of communicating with field fcrces, such as in Vietnam. Such trans-
missions could be immediately avallable to locations in widely separated
places. Another application of satellite communications is in weather
reconnaissante. There have always been problems in moving weather data from
reconnaissance aircraft through the aeronautical communications system to
weather users. We plan to implement a limited satellite communication system
for our weather reconnaissance azircraft, perhaps as early as winter 1970,

Thie will allow the reconnaissance aircraft to transmit data more or less
directly to our weather data processing centers. Hopefully, this will enable
us to integrate weather vreconnaissance data collection more directly into our
data system.

V. Conclusion

USAF Aerospace Environmental Communications are an integral part of the AWS
total data-handling system. We are looking toward the time when the
capabilities of this integrated, master data base system can be fully ex~-
ploited. The current system is capatle of multiplicity of tasks which hasten
data acquisition and distri{bution, avchiving, transmission, updating, pro-
cessing, and delivery of tailored environmental products. The end result
rust be a balanced system which is capable of interfacing with very primi-
tive data sources on the one hand, and of responding to highly demanding,
sophisticated electronic C&C systems on the other. OQur challenge is to
maintain a dynamic, reliable and survivable system capable of providing timely,
accurate, and comprehensive eavironmental support.
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AFGHC METEOROLOGICAL DISPLAY TECHNIQUES

Charles W. Cock, Lt Col, USAF
Air Force Global Weather Central

The Alr Force Global Weather Central (AFGWC) will provide Milj ry Command
Control Systems with tailored information on a reel time besis in the 1966 -
1974 time period, A dynamie data base, consisting of all environmental knowl-
edge available to the total Air Weather Service, will provide the source

from which efficient application is possible. By prearrangement or upon re-
ceipt of a specific requirement, germane portions of the data base will teo
selected, tallored to operational needs, formatted for display, addressed and
transmittad to the customer. Atmospheric data will include observations,
terminal forecasts, area forecasts of "sensible" weather and fields of contin-
uous parameters. The latter two will descrive macro and meso-scale features.
Macro-scale will be available on & global basias at discrete intervals from
5,000 to 100,000 feet and at time intervals from O to 72 hours for the dis-
tinct Northern Hemlsphere, Tropics and Southern Hemisphere entities. Meso-
scale will be availalbe for limited areas {window concept) which are addi-
tive to and superimposed upon the macro information. Any part of this data
base will be available through the Selective Display Model which will plot,
contour and 1list any combination of date for printer output devices. Satel-
lite cloud data will be displayed in crbital masaics in 16 shades of grey
with overlayed graticule by use of the Data Formetter and Display equipment.
This system converts the analog data to raw digital data for refinement in
the UNIVAC 1108 computer and subsequently displays the refined data on photo-
grephic paper. Development is underway to direct drive the weather displays
on the automated display eguipment of the SAC Automated Command Control Sys-
tem (SACCS) in the command posts at Headquarters SAC and the three numbered
air forces. Printer and projected multi-rolor wall screen displays will
provide weather information in plotted, contoured and tabular form. Plans
for the future include use of CRT equipment for input of mission informa-
tion and modifying output. A zoom capability to enlarge areas of concern
makes the CRT a most efficient device to change or correct osutput.

I. Introduction

1. AFGWC Task. 1In the early 1970's the Air Force Global Weather Central (AFGWC) will
achieve the capability to provide Military Command Control Systems with extensive tai-
lored information on a real time basis, To attain this goal two basic needs are paramount,
There must be a dynamic data base availeble, which to the utmost degree practical at any
given moment in Air Weather Service (AWS) evolution will consist of all environmental
knowledge available; and there must be a means to efficiently apply this data base.

2. Communications., The key in obtaining date and transmitting tailored products to the
customer 18 communications. The Automatic Weather Fetwork (AWN), Advanced Vidicon Cam-
era Subsystem (AVCS) data limk with the National Envircnmental Satellite Center (MFSC),
and high speed link between the AFGWC and the SAC Automated Command Control System (SACCS)
are just some of the improved communications to support the AFGWC mission,

3. Computer System. The AFGWC computer system has been upgraded from two (2) IEM 709.'s
to four () UE*GAE 1108's with a total of over 300 million words of storage capacity avail-

able on drums. A software means to efficlently operate the four computers as a Real Time
Operating System (RTOS) has been developed, All programming hag been done with Alr Force
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personnel, The UNIVAC provided Executive System is the only non-AFGWC software.

4., Numerical Models. More sophisticated numerical models are under development to ime
prove the macro and meso-scale forecast capabilities., For example, techniques to fore-
cast CAT on a hemispheric basis, three dimensional analysis and forecast cloud wodels

for global coverage, boundary layer model for detailsd structure of the lower troposphere
(surface to 1600 meters), and the Shuman Primitive Equation model as modified by AWS

for the UNIVAC 1108, New methods to monitor and update numerical products are being
developed. Upper air data will, jmmediately upon receipt and validation, be compared
with the data base, deviations computed and anlyzed, and new analyaes and prognoses
computed when major forecast errors appear. This uses all data, including ATREPS, regard-
less of observation time,

II. Data Base

1. Content. The AFGWC data base will consist of space environmental data and atmos-
pheric data, Atmospheric data must include obLservations, terminal forecasts, area fore-
casts of "sensible" weather and fields of continuous parameters. The latter two must
deascribe macro and meso-scale features of the atmosphere.

2. Resolution. The macro-scale grid uses a distance of about 200 nautical miles in mid-
1atitudes (standard numerical coarse mesh grid used by NMC, FMWC and AFGWC); whereas,
m2go~acale is any finer mesh grid larger than micro-scale, Vertical resolution in the
macro-scele is defined to be the levels or layers cescribed by standard pressure levels.
The vertical resolutiosn in the meso-scale varies depending on the model., The boundary
layer model uses 7 layers between the surface and 1600 meters,

3. Coverage. Unique grids will be used to describe the various interest areas of the
globe until a truly integrated global grid 4is perfected for operational use,

a. Macro-Scale. Macro-scale coversge will be provided on a globel tasis at discrete
intervals from 5,000 to 100,000 feet and at time intervala from ¢ to 72 hours. It will
consist of the Northern Hemispnere, Tropics and Southern Hemisphere as distinct entities.

b. Mesgso-Scale. Treatment of the meso-scale features on a standard approaching cur-
rent technology 1s expenaive in development costs, computer utilizatlon and human resources
In recognition of the coats inherent in global description of meso-acale featires and in
the realities of varying data densities, the mesc capabllity will be provided only for
limited areas (window concept) which are additive to and superimposed upon the macro
infcrmation, For example, macro area programs must precede and provide boundaries to a
mego-window, With exception of certain parameters requiring extensive treatment on a
global basis, AFGWC support will be provided by the routine preparation of four distinct
windows - United Statea, Europe, Asia and Southeast Asia, The capahility will exist to
introduce additional meso windows in support of contingencies.

III. Display Techniques

1. Concept. To meet the current operational needs for rapid display of data in varying
formats and large gquantities for both internal and external use, various display tech-
nigues to use printer, CRT, photographic, projector and line drawing equipment are in use
or under development, Current technology (end economics) dictated the use of printers

as the prime display device for the early 1970's. At the present, printers are usually
the fastest form of output and current communication systems will hand}- ‘axt mesasages,
CRT's are considered to be a special type of printer device, An associater group of AFGWC
programs collectively called the Selective Display Model (SDM) has been dev. oped to
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plot, contour and list any combination of data for printer output. Special data format-
ting and photographlc equipment has been inatalled and AFGWC software developed, to rapidly
display rectified satellite cloud data on transparencies or photographic paper at several
gcales and map projections for visual viewing and interpretation. In the SAC Automated
Command Control 3yatem (SACCS) displays can be dynamically generated and automatically
displayed on printers or projected on wall screen in multi-color. The maans to direct
drive this equipment and provide the required weather displays from the AFGWC data base,
via a high apeed data 1link is under development. Still in use, but aslow by present stand-
ards, iz a Benson Lehner Electroplotter. The advantage of multi-color contours is off-

set by the slowness of the line drawing mechaniam, It fullfills a definite need but can-
not be used for prompt operational output of many contoured displays. Standard facsimile
map displays are provided 85 distant Department of Defense customers using the automated
Facsimile Group Converter developed by United Aircraft Corporation in 1963. This permits
transmission of grid point data, geography and contours directly on 3KC linea from magnet-
ic tape. This will be replaced by the new AWS digital facsimile system in the early 1970's.

2. Selective Display Model, The Selective Display Model (SDM) is s group of inter-related
programs which can plot, contour and list many different types of data (in various formats),
on several types of printers. The SIM works in conjunction with the AFGWC Real Time Oper-
ating System (RTOS) and the UNIVAC EXEC VIII on each 1108. Requests for dispiays are
received by ¢ne RTOS which then activates the SDM, The SDM decodes the request and
calls for the subprograms needed to format the data and produce the requested output.
Programs which interfzre -outineiy with the RTOS are used to identify and forward the
request, retrievc th¢ data from the AFGWC data base and transmit the output.

a, Display Flexibility, In order to provide the flexibility in the displays that
will be provided, there are many options which may be specified on the request. Some of
the options (more than 100) may be used by the requestor to control the display while
others will be used by AFGWC tc define special prcducts to meet external transmission
requirements, The system would be unworkable 4if all options had to be specified each
time, consequently, standard values are used unless gpecific values are input on the re-
quest.

(1) Area. Any horizontal map area may be specified which 1s a rectangular sec-
tion of a polar stereographic or mercator projection. The area is identifled by the lat-
itude-longitude of any three corners of the rectangle or by the name of a predefine area.
Areas may also be defined in terms of one of the AFGWC grid systems, AFGWC meteorological
data regions or WMO blocka.

(2) sScale and True latitude. Any scale and true latitude may be given. The
combination of area, scale and true latitude define the size of the sutput map. There is
no practical limit on this size, but for protective purposes a limit of appreximately 25
square feet has been set.

(3) Vertical Extent and Scale., The normal extent of vertical maps is 1050 mbs to
10 mbs., PRy specifying the extent in either height units (feet or meters) or millibars,
the base and top of the map may be set to any altitude, The vertical scale may be spece
ified in log presswre or height,

(4) Display Formats, There are many output formats available to the user. The
three different kinds of output, horlzontal maps, vertical meps and tabular 1istings con-
trol both the formats within each category and the data selectlon.

(a) Horizomtal Maps. There are four forumats assoclated with horizontal maps

-=grid, plot, contour and background., Grid causes date from the computer prepared data
fields to be plotted at grid point locaticns. Plot 48 similiar to grid except that station
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observations are plotted at the station location. Contour puts isclines of data Zrom the
prepared fields on the map. Background can put lstitude-longitude lines, geographical
boundaries, political boundaries and/or topozraphy on the map.

(b) Vertical Maps, There are four formats associated with vertical maps «-
Skew-T, V-grid, X-grid, and X-section, Skew-T is used to display station recb/wind data
in the vertical., The data may be presented as a vertical plot or a combination of the
two, Vegrid will produce the sames type of display as Skew-T, but the date will be retriev-
ed fram the gridded data base, X-section is used to produce a vertica). plot ¢f cb. rva-
tional date along some path. This format may be usii to produce fliglt cross-sections.
X-~grid 1s the same as X-section except that gridded lata will be used inatead of station
data.

(c) Tabular Listings. Tabular listings of station data may be obtained,
This 1s intended to be used to list a few stations, with most of the observational data,
for those operations in which maps are not suitable,

(5) Data Selection, A series of the options are used for data selection. The
time option can specify such things as, time period for which observations are desired,
valid time of a forecast, and basic time plus the forecast period. Parameters are specif-
ied by data type and level or layer. Some selectlon is based on the format. For example,
surface temperature will be %aken fram the gridded field if the format is grid or contour,
and from observations if the: format is plot or list. Once the basic data has been select-
ed, further control may be placed on what is {0 be used through the value of the Jdata
itself. When these optiops are applied to gridded data the parameter so constrained will
be printed only at those irid points for which the criteria are met., When applied to
contours, maximmn and minimgn will be used to select the limits of the contour wvalues,
This procedure has its greatest power and usefulness when applied to station data. In
this case, the criteria will control printing of all data for the station, This may be
used to select atations for printing based on the presence or absence of a certain weather
element.

b. Maps. Aoy combloation of station plots, gridded data plots, contours and back-
ground may be place on a map. There 1s no restriction placad on the number of parameters
to be overlayed on a map. However, if too many are requested, the map may be unusable
due to clutter, The philosophy is that just the two or three parameters of real interest
ghould be requested, however, the decision is entirely in the hands o the requestor.
Since we are concerned with printer devices, there will be overlay conflicts in dense data
areas, ‘The computer is not capable of making priority decisions as to which should be
plotted. The problem 18 resolved by giving the first data at a print position top prior-
ity. The decision is then passed to the requestor because data is placed on the mep in
the order it 1s requested. 7Thus, the most vital parameter should appear first on the
request, In the case of station plots, if any character would be lost due to overlap,
the entire plot is suppressed and listed separately along with its location, exactly as
it would bave appeared on the map.

(1) Plotting Model. Because of the complete variability of the data which may
be displayed on a map, there is no fixed plotting model, Instead a model will be gener-
aved for each request,

(a) Data Positioning. There are positioning options to produce any desired
model; however, these options will not normally be available to requestors. In the absence
of these options the following method will be used. If any parameter is to be plotted as
a single character, the first one will be placed at the station location. This allows an
asterisk or sky covur symbol to be plotted at the station location, The other parameters
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will be placed about the station in the order left, right, at, below, above., The parame-
ter will be positioned in the order in which they appeared on the request, This gives

control over the plotting model to the requestor. A requeat for a plot model might generate
the following ten parameter positions:

10
666 TT
1111322222
Ly 5
888 999

{(v) legend. A description of the plotting mcdel will be printed to clarity

the positioning of the parameters. This legend will include a samgle plotting model and
a degcription of each paramster,

{2) Contours. Only gridded data fields may be contoured. Thie is not normally
a restriction, since most parameters found in reports are analyzed to & gridded form.
The lines will be drawp using a single character for each parameter., Any character may
be used. There are assumed characters for each data type. If the same type is to be
contoured for more than one level or time period on the same map, it will be necessary
to give a different character for one of the data fields.

(a) Interval. Any contour interval may be requested. Care should be taken
t0 keep the interval large enough to avoid map clutter. The standard contour value may
be set by using the offset option. The contour line actually drawn will be offset plus
or minus multiples of interval. A maximm a.nd/or minimm mey be set on the contours tc
be drawn.

{b) label. Contour lines will normally be labeled with the last digits of
the contour value. This may optionally be suppressed. High and low centers and their
values may optionally be psinted,

(3) Background. Background is broken into four categories; latitude-longitude,
geography, political and topography.

(a) latitude-Longitude, The latitude-longitude lines may be requested in
several forms, HNormally intersections of certain latitude and longitude lines will ove
marked and the lines iabeled, Optionally the lines may be filled in to make a 30lid line,

Interval and offset may be specified for the lines to be drawn. Also, any charscters may
be used for the lines,

(b) Geography and Folitical, The geography and political backgrounds are
essentially different densitles of the same type of information, which inecludes geograph-
ical and political boundaries. Geography includes continental boundaries and boundaries
between large countries. Politlical includes smaller scale geographby, state boundaries
and the boundaries between the small countries,

(¢) Topography. The topography will be available in variable densities
with local topography to the nearest 100 feet.

c. Vertical Profiles., Two types of vertical displnays are available. They are the
Skew-T and the Route Crosa-Section., The vertical coordinate of the map may be either
height or log pressure,

{1) Skew-T., The Skew-T is & true vertical map consisting of plotted and/or con-~
toured velues of any of the vertically defined parameters, It is derived from observaticns,
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analyses, or Torecasts for one point in the horizontal. The vertical scale and extent
may be varled in any manner, The extent 1s specified by giving the upper and lower alti-
tudes for which the mapping is desired. The "fold" option may be used to display the uppe
atmosphere overlayed on & lower portion, This reduces both the horizontal and vertical
size of the display while presenting all available infcrmation. The data may be obtained
from any corbination of atation .bservations, gridded analyses, and gridded forecasts,

The horizuntal scale of the Skew~-T will be parameter valus and may have & different mean-
ing for each parameter, Parameters which are to be plotted rather than contourad will
appear at the edge of the chart at {he specified altitudes,

(2) Crosas-Section, The crosa-section 15 a plot of the specified parameters in
the vertical for each of the specified points. The vertical coordinate is the same as
for Skew-T (altitude is to scale). The horizontal coordinate is not to scale but repre-
sente the irack specified by the given points. The points will be separated sufficiently
to provide readability but will not be scaled by distance,

d., Data Idstings. Deta listings serve two purposes, One is to provide access to
all the data for selected stations in tabwlar format., The other 18 to provide spesial
tabular format for camputer to computer traunsmission.

(1) Tebwar Format, Tabular displays will consist of columnar dieplays spresd
across the page with each column separated by iwo blanks, ZThe spacing may be adjusted
by using the positicn options, Each column will bz headed by & title, This title will
give the level and parameter, If there is no level associated with the parameter or all
levels are requested, the level portion will be blank. A special parameter and level {s
available to cause printing of the levels corresponding to all levels requested. Unleas
otherwise stated, the columns wlll be from left to right in the order in which they appear~
ed on the requast.

(2) station Listing. Data selection for station listings is identical to that,
for plotted maps; that is, statlons will be selected by the area or by the station list.
Reports will be selected by parameter and time. If criteria values are given for one or
more of the parameters, some of the reports may be discarded. The complete report or any
part of it msy be displayed. The format of the display will be tabular by staticn and alti-
tude,

3. Data Formatter and Displsy. To process and display large volume of satellite data,
the AFGWC uses & Data Formatting end Display (DF&D) system. Unique equipment has been
acquired to convert date from analog to digital form, allowing rectification and refine-
ment and to convert the refined da.> back to analog form for picture reconstitution on
photographic paner or transparencies. This will permit printing of contours and other
data directly on the picture.

a. System Configuration. AVCS ground stations receive, and send ESSA satellite cloud
dats to NESC, at Suitland, Maryland. The AFGWC receives the same data in analog form via
a drop on the long line, The Daia Formatiter (D) of the DF&D system converte the data
from analog to digital format, The result 1s & raw data tape, ready for processing on
the UNIVAC 1103 in the rectification program, After rectification the data is made avail-
able for computer analysis, es well as, for the display device which produces transparen-
cies or photographic hardcopy,

b, Analog to Digital. 4 satellite photograph is composed of many scanlines of inform-
ation, When the data is received, each scan line can be thought of as being represented
by a smooth continuous curve, To digitize this data, brightness values corresponding to
the polni on earth are assigned at fixed intervals along the curve. With values at known
locations, the data 1s now in a format suitable for further processing.
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¢. Increase Usefulness., The rectification program processes the data to improve its
usefulness, Some of the steps will be briefly described in order to have a better under-
standing of the final product,

(1) Lens Distortion. The lens distortion, due to the refraction of light rays
in passing through the lens, iz removed. The distortion is assumed to be radial. Correc-
tions are made based on information received from the lens manufacturer,

(2) Vignette Neutralized. The vignetting effect, decreasing intensity of illu-
mination from the center of the satallite photograph, is neutrallzed,

(3) Fdge and Overlap Crop. Some of the data on the edge of the orbital strip
photographs are unreliable, There 1s & certain amount of overlap in successive pictures
along an orbital path which produces redundent data. Removal or cropping of this unreli-
able or redundant data substantially improvas the picture usability.

) Mapping. The latitude-.longitude lines on earlier satellite photographs did
not correspond to any standard projection (1.e., mercator, polar stereographic, etc) and
hence could not be used with standard weather charts. Part of the AFGWC effort is direct-
ed toward mapping the satellite data to a mercator or polar stereographic projection, at
various scales corresponding to standard weather charts for a more useful product,

(5) Solar Illumination and Scattering. The response of the camera system is
affected by the sun argle and atmospheric scattering. The varlance at points throughout
s photogreph are considered by normalizing the solar illumination and scattering.

d, Location. The rectified data for each orbit (sunlit portion only) is located in
computer storagé on a 1924k x 409 point grid. This provides a resoluticn of about 1,7
nautical miles at the equator and 3.4 nautical miles at the pole., The 1108 computer time
required to completely process the information recelved for one orbit of coverage 1is
approxiuately 25 minutes,

e. Display. The display of rectified cloud data is on photographic paper which has
14 inches of usable width. A single picture or orbital mosaic can be disvlayed at vari-
able scales and with overlayed latitude-longitude lines, labels and l:-gends. tions to
display contours and data plots are being developed, The display is in 16 shales of grey--
0 corresponde to white, 15 corresponds to black, and the intermzdiate numbers coivcespord
to the respective intermediate grey shades.

4, Command Control System Support. Fundsmencally, our miasion is to be sure each decislo
maker has considered the PERTINENT weather information before he makes each weather zen-
sitive decision., To do this we must bave the latest iformation avallable on a real time
basis and display it for the customer in the most useable form. The AFGWC has the largest
automated environmental data handling system in the world., To he effective i1t relies upon
the multi-program operation of four sciemtific processors linked to four high speed commu-
nication processors throughout the world., The SAC Autcmat~d Command Control Syslem has
sophisticated autamated printer and milti-color projection display equipment, AFGWC
development work is underway to direct drive this autormetic displaey equipment to provide
to SAC the kind of information which upcn recelpt at i is determined to be operation-
ally critical, as well as to provide displays of SAC requested information. Automated
weather support of this nature will expand to other command control systems (MAC, “AC,
NORAD, etc) during the 1970's.

a, SACCS. The SAC Autcmated Command Control System meets the need for rapld trans-
mission, processiug and display of information to support the command snd control of the
SAC force, The dedicated communications network and associated headquarters equipment
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provides reporting, dete processing and presentation capabilities, Urgent or critical
information is displayed as it it recalved, In this manner, personnsl at SAC Headguarters
and the three SAC numbered air force headquarters are alerted to matters which have impli-
cations for operations, material or comminications control. Headquarters personnel can
also request display of data which have been previously stored in the system.

(1) Subsystems. The SACCS is made up of three subsystems. They are the data
transmiseion {communications), data processing and data display subsystems. Direct drive
of the data display subsystem by AFGHC for weather displays will utilize the AFGVWC/SACCS
computer link and the communications subsystem wbile bypassing the SACCS data processing
subsystem, Actually the AFGWC UNIVAC 1108 system will, for SACCS purposes, act as the
weather subsysten,

(2) Data Display Subsystem, Information can be displayed in a tabular fore on
printer and/or in multi-color tabular and map formats projected on wall screens, Dis-
plays alre requeated by data request panels which are located in the command post of each
headquarters, Printers are located throughout the headquarters, as well as in the com-
mand post proper, Printer output can be transmitted to any printer within the SACCS;
where ag, wall screen displays are limlted to the individual headquarters command post,.
Displays are converted to wall screen projections by an automatic photographie wet proc-
essing technique in the Group Dispiay Generators (GDG) which produce 70 mm postives in
multia-color,

b, SACCS Weather Displays. Messages containing weather displays in tabular or map
form will be activated in the weather subsystem by requests or by the weather parameters
themselves, as they pass thru predetermined critical threshold values, The pessages are
ther transmitted via the communications subsystem to the appropriate display device in
the SACCS,

(1) Tebular Dlsplay. There is nothing new about tebular data formats displayec.
ou printer devices. ﬁowever, the SACCS capability to automatically generate and project:
multi-color tabular and specifically map displays on wall screens, 1s of particnlar intera
est and will be described in riore detail in the following paragraphs.

(2) Map Display. Tie map display when projected on the wall screen is mads up
of & multi-colored background map depicting a predetermined geographical ares aad & dy-
namically generated datu overlay,

(e) Background Map., In *he present system there are 53 background maps in
varying projections (lembert conformal, mercator and polsr stereographic) scaled from
apprcxipately 1:2,000,000 for the United Steter Sectionals to 1332,000,000 for hemispheric
areas, They are in imlti-color with cemmunist countries colored red, non-communist coun-
tries colorea brown or light dlue and water areas colored cark blue, Ietitude - longitude
lines are also depicted. The maps are on 70mr 3lides in & manually replaceable car~usel,
Background maps can easily be added, deleted or changed in the systen.

(v) Data Overlav. The dynamically generested overlay carn be tebular, plotted
and contoured or any combination thereof. The seven colors available are red, greew,

blue, wiite (red, green, blue), yellow (red, green), magenta {»ed, tlue), and cyan (green,
blues. The map display progran has the capability to produce 63 dirferent map symbols,
ard improvise cther characters by combining two or more of the existing charactera., Con-
tours can be constiructed form & series of dots.

(e) Wall Screen, There 1s & set of four 16 fout square wall sScreens in each
command poat on which dynamically generated displays can be projected by the ausometic
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- iro;jaction equiprert. The background mep is projected from the Still Picture rrojectinn
" PSP) equipment ard the data overlay is projected fram the Group Display Generators (GDG).
: Projsction 18 fram the front and may be the camplete 16' X 16' image or an 8° X 8* image
- on any one or combinationa of the four quadrants., The screens are labeled by letters (4,

N B, C, D) and the screen guadrants are mubered L to 4, This letter/nusber combination Lo
- provides a scnen/quadra:\t address for wall displays.

(d) Display Mode, The typewriter and position mode are the two methods of .
placing characters on a wall screen. In the typewriter mode the 8' X 8' quadrant is made E
up of 72 columns and 48 lines with a toial of 3,456 character positions, Each of these
charccter rectangles can be furiter broken down into 70 smaller squares « 7 squares wide
by 10 high - of which only 5 wide and 7 high are used for the actual character styling.
The 5 by 7 rectangle 1s located in the the upper lefi-hand corner of the 7 by 10 rectangle,
thus providing the display system with "automatic" character and line spacing in the type-
writer mode. In the position mode the 7 X 10 character rectangle is utilized to divide
the yuadrant into 241,920 smaller micro squares., This enables any character to be posi-
tioned exactly where desired by apecifying the horizontal and vertical coordinates on the :
screen, In essence, we have a very fine mesh grid with 504 locatfons in the x cirection :

and 480 location in the y direction on each quadrant in which to position data depicted =
by combinations of the character set,

(e) Resolution, The capability to position characters on the miere squares
mekes it possible to produce fine resolution displays., However, the resolution is depend- )
ent on the scale of the background map., ror exwmple, ou a United States Sectional map of i
the mid-west with a scale of approximately 1:2,000,000, the location accuracy of placing
a dot on the mid poinmt of u micro square ir 1.4 miles. The size of the characters is a
limiting factor, and in this cage the resolution of the display device is wqual to 3,0 )
miles, which 48 the diameter of the dot. Hence, the present capability to position meteoro-

logical information on the SACCS wull screen displays is at a finer resolution than the _
information we have to depict.

i
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(£) Contonring. The utilization of appropriate software and display hard-
ware Lo produce contoured meteorological displays will be the first extensive use of this
capability in the SACCS display subsystem, Testing has verified this capability to be
economically fzasible on a timely basis, Proposed multi-colored contoured displays ine
clude synoptic patterns, cloud/weather conditions affecting military missions and mission
route /weather depiction of condition for training operstions.

IV. Outlook

1, Display Methods, The three basic display methods (technique and equipment) at AFGHC -~
Selective Display Model (SDM) for printers, Data Formatting and Display (DF&D) for phots-
graphs and SAC Automated Command Control System (SACCS) Group Displey Generators {GDG) for
projections will be in routine operational use by early 1970. Cecntinued refi-ements,

iwprovements and additlions to the techbuiques and displays will enhance support capability
to a certaln extent,

L an ARl IR I AT M

2. CRT. The CRT 2quipment will be used for luput of mission information to the AFGHT
data base, for modifying output and for final checks of output. Instead of rerunning
entire numerical grid outputs to correct uistakes, the CRT can efficlently provide a blown
up picture (zoom capability) of thet portion of a grid which necds modirication to im-

prove quality or correct an error, Snapehots of £inal »raducts on CRT's will aid »eal
tim» quality control,
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3. Needs., Weather simulation displey equipment isz needed to depict mltiple parameters
in four dimensinns. To see the simulated conditions resulting from a number of vaciable
weather parameters interacting over a period of time would be a very valuable research
and forecast tool. Fasrter line drawing vquipment with multi-color capability and speeds
equivalent to high speed printers are needed to replace the slower plotters of today.

e

2

83




———— - ————

I R

R AN

THE NAVY WEATHER RESEARCH FACILITY FROGRAM
FOR THE DEVELOPMENT OF A FUNCTIONAL DISPLAY AND PRESENTATION SYSTEM

E, C. Kindle
Ravy Weather Research Facility
liorfolk, Virginia 22511

ABSTRACT

The contemporary and projected prcblems of arriving at forecasting judgements
are dlzagnosed, The projected developrents in the pertinent basic sclences and
supporting technology indicate a promising potential for much improved environ-
mental support to military operations., However, the continued practice cf trying
to ferce the :.vancements in science and technology into the operaiing procedures
and physical eaviroument left over fron the 1930 era, not cnly wastes the venefits
of the advanced developments, but in some cases cripple the existing opera*ional
approaches. On the other hand, there is a danger of camouflaging existing de-
ficlencies in formal logic and "kncw how" by assuming that straining of all datc
through a computer memory applies the blessing of truth regardless of the truth
in the computer instructions.

A Navy Weather Research Facility program to develop a system and procedures
to permit the implementation cf computer and data preocessing technology and at
the same time accommodate the fullest level of contemporary knowledge of atmo-
spherlc processes will be presented.

This system and program 13 merely an element of an overall program being conducted by
the Facility. For any meaningful understanding, this element must be reviewed in context of
the rajor program. The actuai lapsed time in completing research tesks ranges from 1 to &4
years. For specific programe, additional time for "tooling up" 1in personnel and facilities
extends this lag as much as 2 additional y=ars, For tnese reasons CAFT SOMERVELL and I
undertock the formulation of a comprehensive general ten-year research plan for the Research
Facility, including a more specific program for the first 5 years. The time lag, inheient
in completed research, is a critical factor in the usefulness of applied research, particu-
larly in view of the scientific and technological developments that were imminent at trat
time,

In the formulation of this plan, we first attempted to establish the nature and scope of
projected environmentul support rejuirements, However, because of the recent and projected
dramatic developments in the basic sclences and technologies, 1t became clear that the most
critical problem facing the applied research organization was the development of the specific
techniques and procedures wherehy the overriding major scientific and technological develop-
menta could be integrated into the operational system., It was further concluded that for
optimum effectiveness, Navy Research Frograms would be critically dependent upon develop-
ments in four general areas:

(a) Basic Sciences of Meteoroiogy and Oceanography,

(b) Communications, Data Storage, Data Retrieval and Data Display,
(¢) Instrumentation and Measurement,

(d) Computer Capability and Peripheral Exchange,

To establish meaningful projections in these subject areas, we spent apout 3 months die-
cussing, probing and soliciting opinions from experis in all of the above diverse disciplines
in both governmental and private agencies. To maintain an updated level of understanding,
this selective interviewing approach has been established as a contlnulng process at the

Facility. From our own experience, we unreservedly endorse this particular conference and
its theme ae a most important input to effective R&D planning.
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In view of the agenda and the particlpants gathered here, 1t would be presumptive to
elaborate on the details of the resulting dlagnoses. However, some of the concluding re-
sults are relevant to the development of our display system,

Stgnificant developments in satellite meteorology, constant level balioon technology and
conventional data measuring systems plus dramatic developments in communicatlion technology
would provide a two-order magnltude increasc in the total descriptive inforuation that would
be potentially available to the operating system of the 1570's. A three-order magnitude in-
crease in the computer capability plus clearly evident significant advances in numerical
wea’her prediction would escalate the quality and volume of operational numerical weather
precictions in the 1970 era. In summary, it became clear that the prospects were bright for
a marked general improvement in the quality of meteorologlcal support during the next ten—
year perloed,

Apprajsal of our research studies indicated that unfavorable environment:il condltions
degraded naval operations to an extent of 25% to 30% of rhe falr weather effectiveness.
Protably only about half of this figure could be recovered, even with perfect forecasting,
However, i1f the projected scientific and technology development could be realized at the
nperational level, it seemed quite reasonable that a recovery of 20% to 40% of this resldue
in lost effeciiveness was a realistlc objective, This would amount to a 3% to 6%
contribution to overzll Navy operational effectiveness., With a conservative estimate of
1€ billion dollar annual Navy budget, the stakes are high and warrant a soter effort on our
part.

in spite of the highly professional and dedicated efforts of the contemporary aoperation-
al services, the greatest deterrent to more extensive use of environmental support is forecast
reliability, The use of air/ocean predictions would increase exponentiaily with improvement
in qualivy of environmental support., Many operations canrot accept probable uncertaintiles
in contemporary forecast service; and the commanders are forced to degrade their operations
through over caution or to play adverse condition roulette with the environment, taking the
full losses when thay occur,

As a final step in the WEARSCHFAC diagnosis, vulnerable research areas of particular
importance to the Navy were selected as prime targets for our research program., These in-
volved problem areas in which a strong combination of Navy requirements and high probability
of success ensured a high payoff; or, protlems which were highly critical to naval operations
tut not commensurately emphasized in the national level effort. These included such problems
as:

(a) “ropical Analysis ard Prediction in General; and, Tropical Numerical Frediction
~in Farticular,

(b) The Prediction of Surface Winds and Weather Phenomena Cver Ocean Areas, and

(¢) The Specific Prediction of Operationally Significant Weather Phenomena,

In these three somewhat overlapping areas, it was clear that the projected developments
in sclience and technology would provide great stimul! and perhaps make significant improve-
rent possible, But, 1t was also clear that a great deal beyond the projected national de-
velopment would have to be accomplished or the proponderance of the projected progress would
be denied Lhe operational forces,

From our diagnosis, we concluded that the 1970 era promised to be an exciting era for
the meteorological protfession. A significant need exists; and the prospects for the capa-
bility to satlsfy this need are bright. However, the major operational services are pre-
sented with a major planning problem to accomnodate the projected progress of the 1970's. It
is certain that the already overextended forecasting systems left over from the 1930's could
not be stretched or pstched further to accommodate the projected step function of information
input,

At the present tine the volume of information that is pumped into forecast delivery
echelons is already well beyond the saturation point, With the three-order magnitude in-
creace in computer capability, compounded by a two-order magnitude increase in opsrational
satellite (and other) data, any further stretching of patching becomes ludicrous. Large
scale automation is the obvious answer, But probing further, it lecomes clear trat this pre-
sents a major problem and could not just be turned on or resolved by "Black Box" engineering,
The technology inside the required "Black Boxes" juet isn't up to it,
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I'm sure that scientists cliarged with improving fcrecasting services are tired of
clichés and lamentations describing the lack of techniques to predict actual weather phe-
nomena, However, this 1s the crux of the problem. 1I'd like to use a rhetorical device,
applied by Professor Clarence E, Palmer in diagnosing the woes of tropical meteorclogy, and
vose the question:

"Why have our metecrological scientists failled in development cf a ccrmprehensive
rationale for forecasting the actual weather? In retrospect, this is a silly

quest’on Y ecause they haven't failed! They couldn't fail because they haven't
ree’ily t 1.d."

Thi: - _aplification does overstate the case; but, reviewing the relative allocation of
research resources directed toward ihe analysis and prediction of phenomena versus the pre-
diction of thermo- and hydrodynamic parameters, only the totality of the statement is vulner-
able, In very recent years the emphasis in this problem area has certainly increased, i re-
fer to the progressive programs of the Techriques levelopmert laboratory of ESEA, Directorate
Scientific Services of AWS, and our Navy Weather Research Facility, as well as the scientific
service components of field activities of the major services, However, fron a recent rough
appraisal, less than 5% of the national research rescurces are dedicated directly tc the pre-
diction of actual weather phenonena. Even within major operational functiers, this partic-
ular problem receives less than 20% of their own technique development resources, In retro-
spect, the existing inadequacy of actual forecasting capability should come as nc surprise,
There may be many reasons for this, rmost of which would invite extensive pnilosoprical
debate,

The truth is, gentlemen, we just don't know how tc bring off an exclusively "push
button” system, The success of the dynamiclists in numerical prediction of the large scale,
mid-latitude, middle and upper tropospheric motion flelds is impressive, ¥hile we must
totally appreciate these accomplishments, unfortunately, we cannot totally emulate them, We
simply haven't done our homework well enough. The most successful contemporary numerical
prediciion accomplishmernts draw upon only a fraction of our current knowledge of the sclencc.
There are volumes of descriptive and analytic information coverimng nearly all scales of
physical processes and phenomena that is not getting into the system, While much of this
knowledge is too fragmentary to permit a total formal analytic treatment, the preponderance
has already lent itself to quantitive understanding and diagnosis of signiricant atmospheric
processes and problems, Even less of our total krnowledge is getting into the existing opera-
tional forecasting systems, which further reflec.s the deficiency in the present state of the
applied sclence.

W2 face an enigma; we can handle cnly a fraction of the total available informaticn {or
that which will become available) without extensive automation. On the other hand, we can
handle only a traction of our total knowledge of atmosnheric processec and pnencmenaz through
total automation.

We submi. that the problem of "how should forecasts be made" should te aggressively ex-
plored, We don't think there are any quick answers to the gquestion., We are sure that the
existing marriage of the large automated numerical complexes to outmoded operating locations
is leading "nowhere.” We are equally sure that total automatlon will be equally ineffective,
for "Garbage in and Garbage out” would he a worse solution, <This latter approach, however,

does create a false sense of security by removing the perpetrators of the forecasts from the
wrath of the users,

I anticipate being deluged with the new, but well worn, bromide that any deduction a
human can make, can be programmed for a computer, Thisz has been repeated sco glibly and so
often that this non-valid premise is accepted as an axiom, This is probably the result of
confusion between the states of "in principle” and "in fact,” It there is any place auto-
mation could help humanity, it would be in the medical professiorn, "In principle,"” a sys-
tematic input of symptoms and examination resulie could be fed into a computer, which would
immediately provide a diagnosis and dispense pills with instructions; or, possibly direct
the punch card holder to assume a certain position for a cybernetic hypodermic needle to
provide the same discomfort currently dispensed by tender loving hands. TYou might envision
letting a ZANIC MOD Il sever an umbilical cord but the thought of it goirg after your
appendix might make the adrenalin flow freely, OSimilarly, computer technology could help the
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overturdered alrcraft controllers; but, the total substitution of automation in the control
towers would te a real toon to the railroad industry.

in time, the aze of automation will unquestionably contribute to these professions; but,
many years of development will separate the "in principle” and "in fact" states. The com-
prehensive order wilth which both these professions apply basic knowledge to practice is con-
sider2bly more developed than in cur cwn profession, Hence, we would be deluding ourselves
if w: try to by-pass this large and critical applied development problem.

The protlen of "how should torecas:s be rade" must be addressed in a broad front. We
need to know how many echelons are necessary to the system, the extent of automation and
humar judgement appropriate at each echelorn, as well as the skill levels in diverse sub-
disciplines required ai each level to accommcdate the maximum extent of technology and
state of the science, This will require a whole new approach to the forecast problem and
a series of experinents 1n which potentlal operating systems can be simulated, The present
system bty which our personnel are trained in nearly every phase of our sclence except fore-
castirg, and then sent into the worlad with only a "voodoc" guidance to provide numbers for
very serious users, 1s long overdue for overhaul.

Since the estimated timelag Zor anything substantial in such a program is about flve
years, we decided to develop a versatile systen that would permit simulated projections of
the scientific ané technological environment, The first question to be zddressed is, "Can
we develop a formal rationale for making actual weather forecasts, using the iocols that will
be available?"” MNeeiless to say, this system should use ATS data in lieu of GCES, Nimbus in
lieu of ITGS and simulated anticipated numerical prediction capabilities, Put more than that,
it should try to incorporate as many known physical and descriptive principles as possible in
the development of formal fcrecasting rationale. Ultimately the developments must be assessed
in context of realistic logistics of tirme, people and money,

Sirce our kncwledge of communications, display and cybernetic technology was rudimen-
tary, we attenpted to enlist the ald of experts in these fields to design our simulation
system. & dilagnosis and proposed approach preparec by a well-known communications research
organizatlon only proved the corverse, i.e,, they knew too little atcut our problems to come
up with anything realistic.

The developrient of such: a system becomes, of itself, a research task, For a most
effective system, a general design should be firmulated in modules ard should be acquired
incrementzlly to permit the experience cttained by using each successive increment to con-
tribute to the design ¢f the subsequent increment, The base system has been procured and
irstalled, and the second increment has teer. coniractied for aré will te delivered ir March
157G,

It must be emphasized that this system is not programmed as a development model for an
operztional system, It is intended as a research device to accommodate the utmost of human
Jjudserent and numerical technology in the development ¢f a rationzle for Iforecasting the
weather. Obvicusly, one of the more important by-products of 1ts application will be guidance
in the development of future operational systems. lience, rather than as a prototype for
future operational systems, it would nore apprcpriately te lateled & forerurner., Experience
to date has already provided several useful guldelines for follow-on systems,

We envision the meteorological wallpaper and eyetzll processing system being replaced
by a system that permits electronic storage of a large volume of convertionsl weather charis,
satellite pictures, computer products, alphanumeric data, etc. In additior, a random access
capability would permit immediate display and preserntation on an array of viewing surfaces of
any c<f these data, singly or in multicombination overlay formats, in diverse colors or black
and wnite, Any chesen sequence of data could be anirmeted at desired speeds in single seis or
in rulticolored overliays. Any given animation set could be leoped to permit time for adequate
humzn registration, The system could te linkec with a computer, which would, on demand, take
any selected set of data from storage and prepars grid point or contoured analyses in any
comzinatior of X, r, 2 and time ccordinates, These could then be displayed in the same nulti-
color and ruliicveriay combinations, The computer system, on demand, would rectify and scale
any chart from a videc disx or from the computer memory; as required to provide overlay com-
paticility, 3By *he use ¢ 1igh® pens and cross hair cursors, the forecaster could demand
ccrputaticns of special furctions for speclal areas or zcom to any degree ¢i higher viewing
rescivtion required.

67




BASE ECHELON OF DISPLAY SYSTEM

DISPLAY SUBSYSTEM

TWQ MONOCHROME AND TWO COLOR TELEVISION MONITORS
EACH OF THE MONOCHROME MONITORS MAY DISPLAY ANY ONE QR COMBINATION OF ANY

SEVEN STORED ITEMS
EACH OF THE COLOR MONITORS MAY DISPLAY ANY ONE OR UP TO FOUR STORED ITEMS,

ALL IN DIFFERENT COLORS

) ALt FOQUR MONITORS QPERATE COMPLETELY INDEPENDENT OF EACH OTHER

e s

STORAGE SUBSYSTEM

VIDEODISC ANALOG STORAGE

STORES 250 SAT, PHOTOS, MAPS, CHARTS, ETC.

i
’ RANDOM ACCESS SYSTEM ALLOWS ACQU!'SITION OF ANY STORED ITEM IN 10 SEC. OR LESS

ANIMATION ALLOWS "TIME LAFSE PLAYBACK OF SEQUENCES OF SAT PHOTOS, MAPS, ETC

MULTIPLE READQUT PERMITS SIMULTANEOUS PLAYBACK OF UP TO SEVEN DIFFERENT ITEMS

Figure 1
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I{ was presurec that the tctal flow of information into a forecasting complex could be
tically ard electronically stored and would include radar, APT, matellite (both IR and
alphanumeric, tand lndex, alrcrait, computer products and even the obsolete facsimile
a. ~n automatic sequence of display would ve programmed according to a formal forecasting
rztiorzle ard adjusted to fit the schedule of data recelpt, and would present and display the
data ir predetermined format and rate. A forecaster at the console would be able to accel-
erzte, decellerate, or irterript this segquence, at will, for special computatlons, diagnoses
or presentations, & large stcre of climatic, historical, and reference data would already
ve residing in the system in picteral graphical or alphanumeric format which could te accessed
ard considered immediately on denznd, :

i
-7

r exzmple, we would presume that the basic predictior input into the system would be
Irom the large scale ruwerlca- prediction center (or centers), and include both
ana hi resolution predicted fields of gridded data, The forecaster could fit
data (conventional, radar or sztellite) to projections of these predictions in
hztever formai was suitabtle, @ could immediateld demand some specizl advection or radia-

tion transfer corputations ior any givern domail He could institute a search for an analogue
of GOES satellite pictures or radjar data in arn overlay format. He could integrate large

cal 'uTeri:all" predicrted molicn fielas with high resolution tcpographic domain to compute
3 display tne resul tlng high resolution motion, tenperature and moisture fields. By the
s€e of light pens and curscrs he could subjectively correct his numerical aids in the computer
memvr,, wriich in turn ccuid aviormatically disperse or present ! final product in picteral,
grapriczl or alpranumeric format.

sC
all

x

Where the final numerical preduct offers the ultimate, by all means that would be used.
ir efTorts will be concentrated on the subject areas where the projected numerical capabil-

s have the least prom*se, i.e., at tkre a)*/ocean interface, in the tropics and the pre-
ction of actual weather phenonmena,

little visiorary; but, gerntlemen, by February
be a reality. ard 355 is in place and in

The search for principles ani procedures is a major task before us. The haidware is not
the protlen, Wwe are not deluding ourselves atout the magnitude of the procedural development
provlem, In the nex: five years we shall make a signiricant dent in developing the applicable

procedures, arnd hcpefully will be able ic realize more comprehensive benefits by sharing our
results with ire other similarly directed research programs.

"e tase increrent of the system, which is now in use, consists of a random access
X anralogue-storage subsystem, a “-uniti television monitor-display subsystem and a
n camerz-irput subsysterm,

system is comprised twe monochrome and twe color TV monitors., Each
te monitors can display any cone, or any combination of seven stored

f i artitrarily facded in and out, Each of the color monitors can display
any combinatiorn of up to four stored frames all in different colors, All four nonitors can

operate completely independently of each other (see fig. 1).

ite siorame subtsystem can accommeodate up to 25 frames of maps, charts, pictures, and
alphanumeric data., The random access system can scan the whole disk in less than 10 seconds
and provide animated sequences at any desired rate from 8 frames per second to orie frame in
20 seconds,
Tne TV camerz inpit is rounted on a rotor-driven “zoopinz" frame with multiple lens-
iccusirg capatvility which provides up to Z23-line resolution storage from photographs or
charts from a half inch square to one yard square in size.

. : r. - Y . P .

The dimensicne (72" % 7" x 553") of ihe whole unit excluding the TV camera are shown in
rigure 2, One each of the color and tlack and white monitors is meurted at a quasi-horizortal
working level with

a corresporaing arrangement 1in a quasi-vertical reference frame,

bty the two-legued sutsysien. Figure

;stem. Unfortunately, our photogr aphJ
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SECOND PHASE OF PROGRESSIVE

ANALOG INPUT

DISPLAY SYSTEM

TV CAMERA SCANS

HARD COPY

UNIVAC
1107
DIGITAL
INPUT

‘ DISPLAY
——pped SUBSYSTEM e—
pomem————efie~]  SUBSYSTEM
VIDEO 0iSC
INTERFAC S SELECTIVE
P HARD COPY
SUBSYSTEM PRODU CTION
Fig re 12

DEVELOPMENT OF TOTAL
SCHEDULE FOR DISPLAY SYSTEM

FY 69

FY 70

FY

FY 72

FYy 73

FY 74

BASE SYSTEM
VIDEO DISC AND TV MONITOR SYSTEM

CROSS HAIR CURSOR
1107 INTERFACE (VIDICODER;
D/A CONVERTER

TAPE RECORDER
£/0 CONVERTER
HARD COPY OUTPUT

ENLARGED FLAT VIEWING SURFACES
ADDITIONAL DISK

MULTICHANNEL ANIMATION
REMODE!L CABINET REMODEL CABINET

LIGHT PENS TO SUPPLEMENT CROSS HAIR CURSOR
INSTALL CONVENTIONAL TELETYPE AND FACSIMILE INTERFACE
MODULER DESIGN FOR OPERATIONAL SIMULATION

INSTALL AUTOMATIC PROGRAMMARLE SEQUENCER
INSTALL FILM, RADAR, AND APT INTERFACE

Tigure 13
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leaves much to be desired and does not do justice to the clarity of the actual display system,
The viewing surfaces show some conventioral weather chavts, a teletype sequence and satellite
picture, The contents of these displays are shown more clearly by close-up views in Tigures
5 and 6, Tf the forscaster wants a topography overlay instead of the surface isobars in the
ATS picture, a quick dial with the touch tone could provide something like ripure 7,

We con crudely show the overlay capabllity by a sequence of pictures (figs, & through
10). Figure S shows a tri-zclor overlay ¢f a surface, 8%- and ©9-millibar chart. By flick-
ing a switch, the 850-mb. chart is remcved, leaving only the surfuce and 500-rb. charts (fig
9 and 10). Flick another switch and the 590-mb. chart is isclated. Should the forecaster
want to look at some hard copy <data, similar action would bring him precisely what ke wants
instautly (see fig. 11).

We prepared two animated sequences for this presentation, One was an ATS sequence of
Hurricane PETSY and the other was an impressive 30-day sequence of surface charts showing
successive surges in the Northeast Monsoon, and their assccilations with the 500-mb. pressure
troughs moving across ncitinern Asia from the Ural Mountains, Unfortunately, because of con-
flict in frane speeds, the movles of these animatlon sequences did not turn out; however, the
stimulatlon of thought and reason through dually displayed sequences was dramatic,

At the preseni time, we are studying animated sequences of the Kortheast Monsoon of
Southeast Asla and ATS sequences of tropical cyclones, ¥ithin one month we shall receive a

> &

completed WHIVAC 1107 computer progrem tha® will corvert the natural canera projections of ATT

photos to a Mercator projection of any desired reduced area and corresponéing increased
resolution, Using these pictures, we are confident that we can obtain wind direction and
velocities from successive cloud positions for studying charactervistic trepiczl circulation
models,

By ihe Lime we have conpleted the transfer of a whole year of ATS data to a Mercater
digital format, the second increment of the system will te installed (see fig. 12). This
is the secord most important increment of the system in that it provides an extensive inter-
face witl the UNIVAC 1107, The computer will be able to rectify scales and resolve anv
desired projection area of a digitized satellite picture, and transmit it directly to the disk
by rezns of a D/4& converter. In addition, a cross hair cursor will be instalied to be used
with any of the monilors with a manual control linkedé to the computer by autcratic location
and reference registers. These precise location and reference data can be stored directly in
the 1107 system for computations and/or processing, In additiorn, control of the 1107 will be
transferable directly to the display conscle and be supplemenied bty a keybovarc entry capabil-
ity.

This will complete the first major capability for uhe type of research cvjectives we
have planried, Using the ATS pictures we shell develop a facile melhod for fixing successive
cloud locations wrich are to te fed t~ the 1107 for computing the lower-level wind fleld and
incorporate it with conventional data, finally producing a derived stres..ire analysis field,
This in turn will be transferred to the videc disk to be overlayedi in sequences over the
orlginal cloud pictures. We anticipate the total process wilil bte able to be accomplished
quite rapidly.

We shall also develop a procedure for overriding nunerical surface wind forecastis by
subjective reasoning, thus providing improved input into sea and swell forecasts., In this
effort, we have lnitjated a sizeable parallel research program to define the physical proe
cesses which govern deviatlons in characteristic situatlons and areas, Witi respect to the
region of korth Atlantic Gulf Stream in winter and the Southeast Asia Wortheast lonsoon, we
have a good handle on the problem at this time. t appezres the technigue wil) be applicable
to research a more extensive area of the ocean surface, I would prefer tc go into rore
detail in these scientific procedures but my hosts haven't giver me that licenze, 1I'11
conclude by describing the schedule of development for the total syster,

The five year growth schedule is given by figure 13, The procurement for Fis £5 and
69 has already been covered, The scheduled additions for FYs 71 througn 74 are given telow:

(a) Fi71 -

(1) An analogue tape recorder siorage, interf:

rfaced with the disk tc pre-
serve experimentzl data and permit zpplicaticn oi the system to
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intervening experiments with a winimum of initializing effort, In
additicn, the tape recorder can serve as auxlllary storage to expaud
the total capacity of the system.

(2) An A/D converter tc complete the interface with the 1107 to permit
analogue data from the disk to be digitized, processed and modified
within ~he 1107,

(3) £ bard copy output device which will permit dry process output of near
wet process quality of data from the disk or the computer memory at
the rate of not tc exceed 10 seconds per copy.

(b) FY72 -

(1) Enlarged flat TV monitors will have been marketed for 2 years and, by
that time, should be at a sufficiently reliable znd ecoromic level to
supplement {or supplant) the existing conventional monitors. These
larger fiat vlewlng surfaces will be much more suitable for subjective
irterface,

(2) An additional disk to augment the total siorage and random access
capacity,

(3) * second animation charnel to permit simultaneous viewing of animated
sequences such as satellite or racar sequences overlayed on or paired
with the high-frequency output of numerlcal predlicted parameters.

(b) These additicns will require remodelling oi the console,
(c) Fi73 -

(1) Light pens to supplement the cross halr cursor tc expand and
facilitate humarn intercourse with the system,

(2) TIirect interface vith converntional teletype and facsimile circuits,

(3) HModification of desizn to permit operation in modules to simulate
various echelons in the forecasting service; i.e., numerical com-
plexes, centers, facilities, carriers and non-meteorologically
manned lccallons,

(1) An automatic programmatle sequencer to minimize the complexity of
operating tie system, This will autorattically present data and
displays, in sequerce and in combination, in accordance with schedule
of data availlability and a pre-programmed forecastirg rationale,

(2) TCirect 1interface capatility for film, radar, and AF7 inputs,

The present state of knowledge of cur sclence could permit much more reliable weather
predictions and with the projected growth of krnowledge we could do even tetter, To achieve
this fulfillment, we are faced with both a provlem and a danger,

The problem is the development of tne principles and procedures to entrain the fullest
state of our knowledge inte a system which also accommodates the ultimate state of technology.

The danger is that tre pressure of "push: button” chauvinisn will implement o premature
over-automation program that not only denies the total use of our understinding of meteorn-
logical processes, tut precludes the subsequent deveiopment required to adapt hasic knewledge
to practice,

Since I began bty expounding this doctrine, this is a good place to stop. Thank you!
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ON LIMITS IN COMPUTING POWER

Willie H. Ware *
The Rand Corporation
Santa Monica, California

At one time or another ycu have probably all heard of the growth figures quoted for the
camputing industry in the double decade of 1955-19T75; these figures are part history and
part extrapolation, but to the extent that hiastory has progressed since the estimates were
made, the extrapolations are valid. In these twenty years the size of the computer has
decreased 10,000-fold for equal computational capability. The unit cost of calculation is
down by the startling figure of 200,000-fold, while speed has increased 40,000-fold. Also,
there has been an expleosive growth or instelled capacity, which over the double decade of
1955-1975 has increased 160,000-fold. The '70s have begn extensively analyzed and projected,
and by 1975 or s¢ machines ought to operate close to 107 operations per second. This morning
I thought it would be more exciting to move on into the '80s to see what limits might set a
ceiling on computational capabdility. These thoughts do not reflect original research on my
part; rather T have tried to extrspolate from the work of others. There {s no universal
agreement about the arguments on which I draw, so my conclusions must be considered as
"ballpark!' guidelines.

Although I recognize that we can conceivably get increasing capability from software improve-
ments, or from better numerical amalytic techniyues and better mathematics, I want to avoid
these issues today and talk about:{)) the hardware, particularly with respect to component
epeeds and the limitations imposed by the laws of physics; (2) the logicael arrangements
used to implement arithmetic; and (3) the overall machine architecture.

First, let me address the question of arithmetic logic. Severnl years ago winogradl of the
IBM Research laboratory undertook to investigate the maximum speed with which arithmetic

can be done, The parameters of the problem are obvious; the length of the numbers to be
handied, the so-called fan-in of the logic element (the number of signals one logical element
can accept), the base of the number system (binary or decimel), and the delay time for the
logic element. Winograd was able to establish a formula that predicts the absolute minimum
time in which addition can be done. In order to achieve such a minumum, numbers will have
to he represented in remaminder, or residue form, rather than in conventional positional
notation. Winograd also addressed the question of multiplicetion, and he found that in some
cases multiplication can actually be done more rspidly than addition. Agein, the numbers
heve to be expressed in a speciel wsy. The stickler 1s that addition and multiplication
require different special representations.

Therefore, it would appear that an inevitable coupromise between addition speed and multi-
Plication speed will have to stand. At this time, 1t does not seem worthwhile to design a

mchine in which numbers have two special representations for the sole purpose of speeding
up arithmetic.

Winograd's analysis brought an additional point to iight. Such operations as overflow
determination, as well as any operation that depends on it such as COMPARE, cannot be speeded
up. As we know computation today, overflow indication is essentiaml; and, therefore, repre-
sentation of numbers in such special ways as residue form is not an attractive option,

" This paper 18 not a formal research product produced for a client of the Rand Corpora-
tion. Thus, it is not the view, official opinion, or policy of Rand nor of any of its
governmental or private research sponsors. However, it does reflect the general pariticipa-
tion of the author in the Rand research program and his immersion in the Rand res.arch

eavirornment. Papers are published by the Rand Corporation to support the professional
activities of its staff members.

IS. Winograd, 'On the Time Required to Perform Addition,"” J. Assoc. Comput. Mech.,
Vol. 12, Fo. 2, April 1965, pp. 277-285; idem, "On the Time Required tc Perform Multiplica-
tion," J. Assoc. Comput. Mach., Vol. 1k, No. L, October 1967, pp. 793-802; J. F. Prennan,
"The Pastest Time of Addition and Multiplication,” IBM Research Reports, Vol. 4, No. 1,
1968 (a digest of the two Winograd papers).
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In fact, well-designed contemporary mechines do addition at roughly 60 to BO percent of the
Winograd 1limit. When one considers that mechine designers have had no metrics to guide them;
this is & remarkable achievement. On the other hand, multiplication is running & quarter

to a third of its maximum rate; but even so, it does not yet look worthwhile to represent
factors in special form to enhance multiplication speed. The significant conclusion is that
any big gains one can anticipate in computers will not come from the logicel arrangements to
implement arithmetic, We might squeeze 10 to 20 percent in addition and/or 50 percent in
multiplication, but there will not be orders-of-magnitude improvement fram the lcgical
implementation of the arithmetic processes.

If we examine the arithmetic unit (CPU) of contemporary machines and ask how efficiently it
is used, we discover that it is idle a substantial amount of time; typically CPU utilizatlon
is about S50 percent, and it can be lower. There are bottlenecks in the internal information
flow; e. g., the arithmetic unit is frequently waiting for the memory or for the magnetic
tapes. Thue, the efficiency of utilization is not as high as desired. More sophisticated
designs to appear in the early '70s will provide a steadier flow of informetion to the
arithmetic unit but there 1s only a factor of roughly 2 or 3 to be gained. Thus, it follows
that any machine _that performs only a single arithmetic operation at & time is within a
factor of 3 to 52 of the end of the line. If such a machine is to improve any more, it must
utilize faster components. It also follows that in the early or mid-'70s we will have to
turn increasingly for super machines to the multistream concept such as represented by
I1liac IV or some of the pipeline-machine processors now in design. In such machines, &
large number of arithmetic opermtions ere in process concurrently.

Let me next turn to component technology. Consider the conclusion obtained by Bremermann,
of the University of California at Berkeley, and also formulated by Marko.- Bremermann has
published twice the conclusion that no data processing system, be it artificial or living,
can process more than C_I/A. bits per second per gyam, ¢ being the velocity of light and
being the Flanck constant. 1In one publication” he bases it on thermodynamical principles.
This result can be challenged but if his 1imit stands, it has interesting consequences. If
we insert values, c1/f becomes 2 - 1047 bits per second per gram. Hypothesizing & computer
of the maes of the earth and of the age of the earth, we find thet such a machine could have
processed only 1093 bits in its lifetime. This appears to be an encrmous number, but in
reality it s small compared with some of the problems people are discussing. For example,
the number of move sequences in a chess game is approximately 1012C; a straightforward
attack on the problem would reguire a capabtlity fer beyond that of our earth-size, earth-
age comput{e}gboosmilarly, a picture of 100 by 100 cells, each of which can be black or white,
contains 1 different patterns. No doubt, some of the meteorological problems that are
under discussion cannot be dealt with by a routine, brute-force, head-on collision with a
super computer. The mathematical analysis will have to be very ingenious to bring such
problems within ramnge of attack.

Of course, we are presently nowhere near this limit, so let's discuss individual components.
If we wigh to atore information, we need a device that has twc potential wells separated by a
barrier;” one potential well corresponds to bimary zero, the other to binary one. To change
the state of the device, energy must be inserted to move over the barrier, and if the device
is expected to stay in the new state, the energy must be removed when the new state is
reached, The random energy of motion is of the order of &7 , S0 that if the device ig to

2mis is a composite figure including a factor of 2 to 3 for CPU efficiency and one of
1% for pushing arithmetic to the Winograd limits.

3H. Marko, "Physikalische und biologische Gernzen der Informationsibermittlung,"
Kybernetik, Vol. 2, No. 6, October 1965, pp. 274-28L4

ba. g, Bremermann, “Optimization through Evolution and Recombination,” in Self-Organizing
Systems 1962, Spartan Bocks, wWashington, D. €., 19€2, pp. 93-10C6.

5ldem, "Quaitum Noise and Information," Proceadings of the Fifth Berkeley Symposium on
Mathematical Statistics and Probability, Vol. IV, Unlversity of California Press, Berkeley
and Los Angeles, Callfornia, TI96Y, pp. 15 - 20

6R. Landauver, "Irreversibility and Heat Generation in the Computing Process," IBM J. Res.
and Develop., Vol. 5, M. 3, July 1961, pp. 183-191.
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behave reliably, the barrier must be a few kT high.7 Thus, the minimum energy that needs to
be expended per information event is of the order of a tew kT, but the significant conclusion
is thet energy must be dissipated as heat. Unavoidably, computing involves dissipation of

heat; there is no way to circumvent the problem if we are to build a computing device that
is to be reliable.

The next consideration 1s that computation destroys information. Thus, it is a nonlinear
process and depends for implementation on logiczal functlons thataare also nonlinear and that
depend in turn on nonlinear phenomena for practical realization. Nonlinearity of electronic
camponents also contributes to the practical problems of the computer; e. g., restandardiza-~
tion of signals, fabrication tolerances, and noise rejection. In the present solid-state
technology, signals of a quarter volt or so are necessary to maintain the nonlinearity of the
p-n junction in semiconductors and to absorb fabrication tolerances., This is not a
limitation of a theoretical law of physics but rather a state-of-the-art limitaticn. It is
anticipated that improved devices = not of the semiconductor type -- will be found that
maintain nonlinear behavior with signals 10 to 20 times smaller. Because a signal of finite
voltage amplitude is inevitably necessary, capacitance-charging problems set a final limit
to the speed at which a compcnent can operate.

We consider mow the velocity of light that is an atsolute limit on the speed with which
information can move. If we want to build fast computers, we must build small ones; and we
wil) have to peckage them densely. However, small size and dense packaging are inconsistent
with heat dissipation. The heat dissipation problem appears to be a more serious constraint
than any others now visible.

Let me suggest the scale o the probiem. Iu modern-day transistors, the power density inside
the transistor at the pem Junction is of the order of thousands of watts per square centi-
meter. In contrast, the maximum heat tranafer to fluids at approximately roos temperature
is sbout 100 watts per square centimeter. There is a factor of 10 or so that somehow has to
be accommodated. Obvicusly, we need to spread the heat over a large enough surface so that
it can be transferred to a fluid. Thues, the pismatch between internal working power
densities and external fluid absorption power densities is a major constraint on the

minimum size of components, and hence on the speed with which they can cperate.

Where arelge today? 1ghin superconducting filns can be switched in research environments at
about 10~ seconds The capacitance-chargicg problec in semiconductor Junctions seus
limits at about 107" seconds. The time for carriers to drift across the base of a transis-
tor, given the technology that we can project for making very small base widths, is of the
order of J0"*Y. We can switch magnetic films in about 1079 seconds and magnetic cores in
about 10~ ' seconds. These are all state-of-the-art limitations. Interestingly enough,
except for the core, they are all in the general neighborhoed of 10710,

Where do the laws of physics imgose limititions? The cooling problem sets a practical limit
on switching time at about 10-11 seconds. 111 clever engineering can solve this problem,

we look forward to speeds of 10712 to 3¢-12 seconds. ©Of course, there is a fundamental limit
st 10°17 seconds due to indeterminacy. Present research results are not very far from vhat
appear to be absolute limitations, and thus, we should anticipate computing elements that
will switch information states in about 10-11 to 10-12 seconds.

T4 s Boltzmann's constant, and T is the Kelvin temperature.

8M. J. Freiser and P. M. Marcus, "A Survey of Some Physical Limitations on Computer
FElements,"” IBM Research Note, RC 2283, Noverber 14, 1968, pp. 7-B. This article is to be
published in IEEE Transacticns on Magnetics, June 1969.

9Ibid., pp- 9 -10.

101p14., pp. 12-14

llEugene G. Fubini, private communication to the sauthor. See also R. W. Keyes,
PPhysical Protlems and Limits in Computer Logic,® IEEE Spectrum, Vol. 6, No. 5, May 1966,
PP. 36-45.
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Where is the state of the art todey? Present pmduction dﬁviﬂei switch in about lO-8
seconds, and present 1esecrch items switf‘h in about 10-9 te 10 seconds. Depending m
what one wishes to use as a “practical’” wprer limit for component 3peed and vhat one chooses

éhe present day staze of the art in ragsarch, there 1s a factor of at least 100 (from

to 10 secongﬁ) yet to be vealized from component technology speed. If we can push

beyond 10711 to 10”7 seconds, we will have a 1000-fold improvement, but with present
understanding of the theoretical and practical limits, 1t dces not appear that facters
beyond a few thousand will ever be achieved. Even tane minimum iwmprovement of 100-fold is
an impressive future to contemplate.

Machine architecture is a difficult subject to treat. Most of the experience in the
computing field has been with machines executing a single instruction stream, doing one
erithmetic operetion at a time, and organized internally so that the arithmetic unit is
maximally utilized. ZExperience with multistream machines is limited. Taking into account
the estimates of the Illiac IV machine, which is about as multistream as now envisioned,

and discounting somewhat the hopes of i*s builders, we may be able to achieve an ilmcrease

of 100-fold (s opposed to projected factors of many hundreds). This factor depends strong-
ly on how much of the problem is inherently serial; 100-fold implies that 1 percent of the
problem is serial. Combining this with the smallegt factor of 10 that component technology
has yet to go, we may eventually get as much as 10%, or 3 10,000-fold jncrease in raw
computing wower. If problems prove to be "more parallel” than we think, or if we do push
technclogy even further, the overall improvement could move toward 100,000-fold. This 1s

an even more impressive future tc anticipate for the environmental problema with which you
are concerned.

Any such mammoth machine would be very special and probably warranted only for the problems
that could exploit it. The commercial industry is not likely to build such a machine
unless a large market appears. Construction, at least for the first one, will no doubt
have to be funded separstely, aud if your problems need such computer power, be prepared
to finance the development of such machines and to dig deeply into your budgets. I won't
project the development cost, but it will be substantial although probably less than a
large particle accelerator.

icknowledgments: I appreciate the critical review and very helpful comments frouw M.

warshav snd J. C. Shaw of The Rand Corporation, Dr. Rolf landauer of IBM, and Dr. Eugene
Fubini, consultant.
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THE ARMY'S AUTOMATIC METEOROLOGICAL SYSTEM

A,

Donald M. Swingle
USAECOM, Atmcspheric Sclences Laboratory, I
Fort, Monmouth, New Jersey : :
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The Autamatic Msteorological Systam ia being developed for Army §5. Used in the :
Field Army areas, it will serve all consunars of mutecrological data and weather :
information in the Field Army, including Air Weaibsr Service teams and centers.
The design of this system will erphasize integration of the system with operational :
unity 80 as to provide the most repreosentative end acourate data pussible for each
data user. Development philesophy and deaign concepts, including communications
and camputer problems, are considered.

I. Introduction B

Fellow meteorologists, scientists and engineers, I will disacuss in this paper the initial
conoepts of the Army's Automatic Meteorological System (AMS). I will cover the general con-
ception of the meteorological system revolving about the user, his atmospheric problems, his
pervasive need for deta and the propertisa of atmospheric data. I will then discuss the outer
gystcm comprised of ths atmosphere; the meteorological system, the user, and the atmosphere’s
effects upon him as he uses our meteorological data and finally the inner metsorological
system. I wili also cover briefly atmospheric aystem design snd developmeni principles,
specis. problems faced by a meteorological system which serves the Army, Including as an
integral customer the Air Weather Service Weather teams which directly support the Army.
Finally, I will discuss computer prospects and their implications for communications of
metoorvlogical data in the Army.

II. Atmospheric Effecis (a The army

Figure 1 shows the origin of the problem. In aimplest terms, the Army operates in and under

the atmosphere and is impacted upon by the atmosphere. In a number of its operations, the

impact of the atmosphsre, if not corrected for or aliowed for, would create intolerable

adverss effects upon ths Army's operations. A single example is the case of the Army's

8"-Howitzer that is so accurate that an error of one meter/second in the knowledge of the winds

which will occur along the trajectory at the time when the projectile passes through the

atmosphere produces an error as great as the sum of all the other errors in the gun aystem.

The Army has a host of similar siringent requirements for quantitative meteorological data at

quite specific pointa in time and space. This need fer data will continue to increase in the -
future.

Eaphasis on ths need for preciss, specific deta appiicable to a future time and place should
not be taken f0 imply that thers will cease to be a need for weather forecasting as it has
bsen imowmn, or for gn outlook for five days, for thirty days, or for that matter for a year
or more for the general weather conditions which will occur in the opsrational ares.

Air Weather Service needs for outputs from the Atmospheric Meteorological System must be
identified and quantified. These cutputs will include edit ' and preprocessed data for relay
back to Air Force 0lobal Weather Center (AFOWC) and weaths - intormation for use by forward
AWS teams.
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FIGURE 1 - The Bas’c¢ “roblem for a Meteorological System

III. Propertiiea of Atmospheric Data

Atmospheric data for the Army must -ose<so four properties:

1. It must be applicable, that ic, i -\ nust be presented in such a way that the Army can
uwe it.

2. It must possess the closely relatcu property of representativeness. The quantities to be
provided must be suitable or appropriate for the puipose for which they are to applied. This
is the basic reason why the Amy processes upper air dats for baliistic purpcses in a way
which is quite different from that which is employed by the rest of the worldwide meteorolog-
ical community. The ballistic applicatiion is a severe task master. A well conceived error-
cancelling scheme for wind processing is used by the artillery meteorological sections.

3. Armmy atmospheric data must be valid to the time to which it is to be applied. Often these
time requirements are quite speci’ic, e.g., "at the beginning of morning nautical twilight and
for a specified number of minutes thereafter, will smoke generators be effuctive in a pare
ticular river crossing operation,"™ or "how long will the fog last and when will it break?"
Critical opsrational decisions can hinge on the precise timing of such changes.

4. PFinally, the Army's requirements for meteorological dats are in almost every instance,
requirements for specific information at a very specific place. In the case of the ballistic
requirement, the place is the entire trajectory of each individual round. In the case of

river orossing i is the apace of perhaps ore-half mile along the river for which the pre-
diction is rejulsed.

You will pote that the meteor-logical data required are esgentially predictions on ths meso-

scale. Taey must be timed to within a few minutes and be good over the area "where the action
1s%, i.e., to a few kilometers or better.

a. The Outer System. In the face of such requirements for data, let us consider the atmos-
phere, As meteorologists, we have been educated in the Navier-Stokes equations. We realige
that the fundamental properties of the atmosphere can be represented by & small number of
basic parameters that are quasi-continuous in time and space, such as temperaturse, pressure,
vapor pressure, and vector velocity. In addition to these basic hydrothermodynamic properties,
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there are other parameters of interest such as clouds, precipitation, density, turbulence,
visibility, refractive index, etc.

The central problem which we face with this atmosphere, however, is that it is very variable.
For janstance, our past studies have shown that the wind in any given 2000-foot zone in the at-
mosphere in the lower 20,000 feet can be expected to change by 4 knots in an hour, by almost

3 knots in a half hour, and extraprolating, Ly perhaps 1 knot in five minutes. Similarly, winds
cen be expacted to vary in space by 15 knots in a hundred miles and by extrapolation, by 1 knot
in half a mile. The meteorological system that will provide quality data for Army quantitative
applications, must somehow cope with this variability problem. To the extent feasible, it
must produce answers which minimize the unaccounted-for variability.

We have considered the outer system, that is, the cycle starting with the atmosphere and its
propertiesy this must be measured and predicted by the inner meteorological syetem in order
that applicational data must be provided to the user, in this case the Army and supporting Air
Weather Service tesms. The sdequacy of the system 1s finally determined in active operations
vhen the real atmosphere with its actual conditions impacts on the Army, which has adjus ted it-
gelf in accordance with the predicted data.

ATMOSPHERE

\A A/

USER
______________ ___t
SOIL WATER
OBSERVATION APPLICATION

Figure 2. Elementary meteorological system.

By cowparison with the Elssasser report of the late 1950's, it can be shown that wind data cb-
tained in this way are more accurate for artillery applications than forecasted winds that can
be generated by the weather services with the present techniques and in the present state-of-
the-art. In any event, the test of the adequacy of the inner system in predicting or provid-
ing applicetion deta occurs when the operation is executed, that is, when the projectile passes
through the air and the correction proves to be adequate or inadequate.

b. The Inner Syctem. Let us now discuss the inner aystem, that group of operations and equip-
wment which would nermally be called a meteorological system. Figure 2 shows the inner system
as it exists for the artilleryman. In order to correct for the effects of the atmosphere on
gunnery, the artilleryman observes the atmosphere fram the surface to scme 20 km and applies
the observed, measured, stmospheric data to compute a correction to his firing. This is &
very simple inner system, but it contains an implied anaiysis that the atmosphere varies slowly
in space and in implied persistence prediction of future conditions.

Figure 3 shows the complete inner meteorolcgical system us a meteorologist might visualize it.
A meteorologist would expect to:
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ATMOSPHERE

\'4 \ 1 v
USER }
RN I DN DU S
OBSERVATION APPLICATION > MODIFICATION
ANALYSIS MEMORY PREDICTION

OTHER DATA SOURCES

Figure 3. Complete Metearological System

1) Observe the atmcsphere.

2) Collect the observations into same sort of memory.

3) Analyze the collected observations. 5
4) Make predictions using these analysis. :

S) Store these uv.,ediciions in memory. '

6) Provide data for army applications.

# logical component of this system might be a modification element that could serve to make

predictions more valid by ensuring that they come true, or by changing a correctly predicted

atmospheric conditvion to a different, desired condition. In the following discussion I shall
drop the modification subsystem from further consideration, although it may indeed becoame an v
important element in the long run for improving the accuracy and relliability of predictions.

<. Atmospheric System Desipn and Development Principles. Figure 3 shows the flow of data.
Let us now shift our attention to the design of this inner system.

when we wish to create a system to serve a purpose it is nacessary to turr first to the appli-
cation of the system. The application of the Army's Automatic Meteorological System is to
provide required meteorological data and weather information to all Army users, including the
Air weather Service teams. A point of contact for all these users, therefore, is the output
of the system, the user interface, which is the dissemination and display portion of the
system. In many instances, this output will be in the form of computer messages which will go
directly into the computation or evaluation of meteorological correctlons or adjustments of
tactical operations. In other instances, it will be a visual display of information that is
relevant to planning and conducting operations. Many of the techniques of the SACCS system
may be applicable here if they can be made sufficiently rugged for Field Army use.
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In the cass of the Air Veather Service user, the output surely includes special displays of
weathar information that wili be used by the Staff Weather Officer to gain the best possible

underatanding of the current situation so that he may best advise staff personnsl of his
expectations.

The user intsrface must provide the uger with timely and appropriats data for each of his
applications. Appropriate includes a requirement for quantitative accuracy equal to the users
application. This quantitative data must come out of the prediction system.

Prediction techniques must be of sguch quality as to provide output data of the quality
required as inputs to the user interface. This indeed i3 one of the major challenges of the
Automatic Meteorological System for, in general, we have very weak techniques for predicting
the smaller scale, local, meteorological conditions with quantitative accuracies which the
Army will require. This is mostly outside the current state-of-the-art. In other instances,
the predictlon accuracies required may be well within the state-of-the-art and in this case
the nesds may be met by data aslready being received {rom the Air Force Global Weather Center
or, indeed, by climatological values stored in the memory of the inner system.

Having specified the accuracy required of the output of the prediction system, we will be in a
position to determine the accuracy required of the inputs to the prediction system im order to
achieve these output accuracies, The input accuracies for the prediction aystem become the
output accuracies for analysis system. It will be necessary that our analysis techniques be
8o congservative and so comprehensive as to provide inputs to the prediction system of such a
high quality as to permit accurate predictions to be made for gensitive operations.

Our current techniques for analysing conditions on the mesoscale and on the microsecale are not
fully adequate to serve as inputs to mesoscale and microscale predictions. Nonetheless, the
progress of requirements from user to prediction to znalysis is clearly a straigktforward
problem, ks expect that vastly improved analysis techniques will be required that will take

into sccount in quantitative ways the influence of the terrain on circulations and on the
values of atmospheric variables.

The analysis system serves as the bridge from observed data to analyzed data. It converts
more or less randomly-rcceived observations of atmospheri: variables at more or less random
locations in time and spaces into a best-attainable understanding of the distribution of

variables over the entire region of interest and throughout the entire height frame of inter-
est.

In the case of any Army meteorological system, interruptions and inadequacies in the input
data are expected. Although scheduled ooservations may be desirable and may be sought, it is
inevitable in a tactical frame that these observations will eithor not be made due to other
impacts of the operation, or that their transmission and raeception will be delayed so that
they will not be availabls for the scheduled analysis time. Furthermore, observations will
not be avajlable fram the most desirable places. Fer inastance, in approximately half of the
region of interest, namely that over enemy held areas, very few surface observations can be
anticipated and next to no upper air observations will be available,

The analysis system must nonetheless provide the best possible determination of conditions
ovor the entire region of interest. To do this it will use larger scale inputa from the Air
Force Global Weather Center and, in addition, the results of previous analysis and prediction
cycles which will be used t»n produce prediction of the expected patterns. These, in turn,
can be adjusted to improve their conformity with the limited observations that are received
from the area in question. Thus, we expect frequent reanalyses to be made based on late-
received or odd-time data, and on the batis of pricr predictions and analyses. This will
pernit maximum valus to be msde of each observation, even of past observations and, in effect,
will increase the total amount of information that goes into each analysis.
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The collection and memory system is the necessary interface between the observations and
measurements of the atmosphere and their analysis. Of necesgity, the meteorological system
must have a very large memory. It must encompass recent observations, anslyses, predictions,
and supporting climatological information., Such climatological infcrmation will become
indispensable from time to time when other data sources are cut off by communications outages.

The input to the collection and memory system comes from the observation system. The quality
of the observations must be good enough to permit the analyses that are good enough to serve
a3 inputs to prediction.

Observations will come from both in situ sensors and from remote, indirect sensing systems.

It is not likely that the obvious ideal solution of measuring everything, all the time, every-
where, will be logistically or tactically feasible, Therefore, the cbservation system can be
expected tc be composed of both direct sensors, which measure conditions at specific times and
places, and of remote sensors, which can determine conditione over an area or throughout a
volume. Considersble advanmce is hoped for with respect to remote sensors.

A% precent, satellite observations of clouds are avamilable technologically, with a promise of
satellite upper-sir observations and the possibility of observing the distributio of clouds
from satellite altitude in real time from points on the ground. Radar weather cbservation
techniques can map the distribution of precipitation over both friendly and enemy held areas
much better then the rain gauges can alone, There is also the previously developed "sferics"”
technique to maintain monitorship of lightning occurrence over both friendly- and epemy-held
areas. In addition to these, other rewmote sensing techniques are very much desired.

One would like to be able tc determine the wind throughout the volume over enemy-held areas
and at inacceesible points over friendly areas both at the surface and aleft. Similarly,
there is a8 need to determine the temperature or density patterns, and the pressure or contour
height patterns throughout the area of interest. Indirect techniques for accomplishing this
have been conceived, but the implementation of these in tactically feasible equipments remains
to be demonstrated.

d. Other Date Sources. In additlion to direct cbservational deta, a large volume of beck=
ground data 18 expected to be provided within the Automatic Meteorological System. This
would include climatological date to the extent aveilable amd techniques for the inter-
pretation and interpolation of such data, as well as a computer form for the shape and pro-
perties of underlying terrain features. Finally, other inputs must be provided far the
memory, including inputs from the Air Force Global Weather Center, and other Weather Services.
These will provide general weather infarmation and also serve as a setting for the smaller-
scale analysis to be conducted by the ~~alysis system.

e. System Design and Development. lLe. us »ow turn to the system design and development
problems. Clearly, the design of a practical field system must start with the application,
and move backwards through the inner meteorological system tc the acquisition of data. Thus,
the first area of emphasis in the design of the Avtomatic Meteorological Sysvem will be a
searching enalysis of the users' problems, an inedepth technical study of each of the major
applications of output date from the Automatic Meteorological System. This will determine the
cpecific times, places, ond properties of data theat will be required for eech application; the
sirnificance of errors and their cost to the Army in operational terms; and an analysis of
the application to permit tha desizn of techniques which will provide representative data for
each apvlization.

The Automatic Meteorological Sys-em 1s planned for Army‘'85. At thir point we are in the carly
development stages in which inteni'ive, applied research and prototype, breadbosrd designs ure
needed.,

Above : ?  other feutures required for an Army Meteorological System ies the requirement for
flexibility and survivability. The tactical Army environment necegsitates a very rapidly

che @ing settir ;, one in which dats t~urces may be created and destroyed, rapidly, and in
whi~h communication links mey be established and interrupted, depending upon the nature of
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the conflict. <Critical outputs may cnange quickly from those required to support smaller
units in conventional war to those required under conditions of nuclear conflict. The Army
force may deploy rapidly from moist-tempsrate to dry-tropical, arctic, or other environments.

Survivability under the impact of tactical operations is & critical factor. That is, one can
anticipate conditions under which reception of all input data, or almost all input data will
be temporarily interrupted. The system must continue to do the best job possible, using very
limited amounts of locally-available information plus climatological data, and stored data
from longer range forecasts and outlooks. This imposes a basic requirement for what has been
called graceful degradation. The system must not be brittle or collapse when input data
sources fail to provide input data, but must be able to make the best of each situation and
of each condition of limited data availability.

As the system degrades, there must be preplanned backup modes. For instance, it is hoped that
the Autamatic Mstsorological System will be able to provide improved accuracy of input data
for the artillery ballistic problem. Thi, improved accuracy will come from analysis of
observations of the upper air stations in the context of their terrain setting and from the
high quality prediction of future conditions for each trajectory to be fired. When, as it
inevitably happens, the gunnery center is unable to contact the meteorological center with
the result that the individual trajectory data is no longer available, a back-up uessage must
be available and in memory at the gunuery center. This back-up message would contain a set of
basic data applicable for the general region, that is, for an area of LO to 60 kilometars rad-
ius surrounding the gunnery center for future times. The guality of this general data would
not be as good as the latest prediction for a specific trajectory, since it would be more
general and cover a larger area, but it would be of significantly higher quality than a pre-
diction of no wind or a prediction of the climatological mean.

Should the communication ocutage persist for more than a few hours, the gunnsry senter should
revert to the use of locally-observed data in much the same fashion ss today's practice. And
finally, should locally-observed data be unavailable, the system should shift into using such

techniques as departure tables, that is, climatological means for various regions of the world.

For each user a preplanned succeasion of back-up techniques must be provided as part of the
meteorological system design. Only in this way will each wser be assured that he is always
using the best meteorological data available. One thing is certain, the entire system will
not always operats reliably and with maximum input data to serve all customers. The enemy
will see to this even if natural and electronic problems do not.

As part of the system deaign and develcpment, it will be necessary to demonstrate the value of
the system in relation to ita cost. This will rest heavily upon the analysis of the user's
requirements and the impact of atmospheric effects on his operations. However, consideration
of the cost of one modern helicopter aircraft, or the price of a single round of artillery
ammunition, or the investmwent of men and materiel in a single small army unit will readily
show the tremendous value of a quality meteorological system.

f. Special Problemes. A number of special problems nust be sclved in an Automatic Meteoro-
logicel System. First there is the scale of Army problems. The Army typically operates cor
an area of abovt 100,000 square miles. The maximum range of moat Army weapons covers a few
dozens of miles. Major units such as a division, nmay occupy areas of only & few hundred
square miles with approximately 30 miles of contact with the enemy. While the general weather
forecasting problem is in fairly good shape and is well-hariled by the Air Weather iervice, the
Army's special problem is providing specific local, sccurate data for specific applications.
The second special problem, already noted, is the pervasive evpectation that inputs will be
randam not regular.
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Related to this is the third problem, the knowledge gap relating to mesoscale phenomena.
Although for a time it was thought that there wis & gap in the atmospheric spectral distribu-
tions in the mesoscale, i.s., for circulations with periods of the ordsr of one hour, there is
no evidence of this in the Ammy's studies of atmospheric variability. These atudies show a
regularly decreasing variability for both wind and denaity as cne moves from long times into
short times. Although there is no gap in the spectrum, there is a severe gap in the current
knowledge of atmospheric circulations on scales ranging from a few kilometers to a few hundred
kilometers. The relatively coarse synoptic network has not provided data from which compre-
hensive conceptual models of such circulations could be developed. Theoretical modsls are of
little use unlsss they represent accurately the actusl behavior of the atmosphere.

For many of the Army's problems, the atmosphere's natural variability is so high that it is
essential to observe, analyze, and predict on the mescscale. Work in weather radar has shown
considerable predictability and persistence of mesoscals precipitation patterns. However,
present prediction techniques do not permit accurate prediction of othsr atmospheric varisbles
on this acale.

A fourth special problem, and it 1s planned to avoid this in the design of the Autamatic
Meteorological System, is the death of technologies. Each of the various known techniques
for predicting atmospheric variables has rested on a certain conception of what ths atmesphere
was and how 1t behaved. Although tiue "modern" trend is towsrd large scale digital computers,
one may recall the very effective analysis and prediction technique thei carried us through
Werld War II known as the Wave Cyclone Model cambined with the Polar Front Concept. Many are
also aware of the isentropic prediction technique which was used just prior to World War II;
it has since disappeared from the active scene, although a few recent research studies have
used it. The design of the Autamatic Metsorological System will try to take advantage of each
technolozy and to blend the results obtainsble by each in such a way as to get the most nearly
accurate prediction feasible.

Finally, and the most important of the special problems, is the need for conservative procass-~
ing of data. Since the Autamatic Meteorological System will use camputer analysis and pre-
diction, to control the "garbage input" to the system it is essentisl to limit the "garbage
output", A good example is the artillery ballistic computation and its differences with res-
pect to the way tnat upper air winds are computed in conventional meteorology. In the artil-
lery ballistic computation, the entire momentum of the atmosphere as observed by a balloon
flight is accounted for once and only once. The end of each zone is the beginning of the nsxt
zone; there are no overlapping zones and no interpolations between zones. A consequence of
this is that an integrated wind, which traverses aeveral zones, results essentially in the
cancellation of all tracking errors of the atmospheric sounding system, with the exception cf
the arror at the top of the upper zone. In contrast, the conventional analysis into over-
lapping two-minute zones, and the further interpolation of these to speciric heighta, creates
a confusion f errors and an inability to determine or to cancel accurately the contributions
of er-ors from each obgervation point.

Another example of conservative processins exists in the analysis of upper air data in which
+hese is a sort of negative feedback. This results in the cansellation or attenuation of the
impact of errors in the measurement of prussure and temperature. Conservative processing will
be emphasized in the design of the observav:on and analysis portions of the Automatic Meteoro-
logicel System.

What kind of camputer will be used in the Automatic Meteorological System? As noted hare, the
computer must include a sufficiently large memory of the climatology of the region, or for any
region to which it must go. It will probably require knowledge of historical analogs so tust
today's analysis can be campared to prior analyses of the same region. In addition, extansive
use of statistical techniques is foreseen. Such things as singularities, symmetries, and the
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application of generalized harmonic analysis appear to be reascnable componenta of the systam.
The Automatic Meteorological 3ystem will probably include adaptive or learning systems so that
it can develop quickly a capability fer detailed prediction in a local situation in which there
has been very restricted prior data. It must account for the four dimensional continuum, that

is, three spatial dimensions and time, and it must preserve considerable deteil in all four N .
dimensions. =
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The solution to the equations of motion, which will be one mode of prediction, will almost be
gurely done in & hybrid computer system. This will be an important feature, different from
current numerical weather predictions, that will be incorporated in an Automatic Meteorological
System. The reason for this is that it allows the elimination in at least one dimension of
the computational instability which goes with quantization of meteorological data. Most

- likely the simulation will be done treating time as a continuous variable.

e

Unless new techniques are developed, it will still be necessary to compute for each grid

point, but each casputation can be made without time quantization. For this reason a great ~
deal of desirable nonlinearity can be tolerated and, if fact, is to be cesired in the pre-

diction system set of hydrothermodynsmic equations.

oLy S

s

In its most general terms it is expected that the computer of the future will be a hybrid
machine in which data are stored in digitsl memory, but in which the procesaing is dons by
hybrid or analog systems wherever the prediction involves equations of motion and their
solution. Where it involves the use of climatology or learning techniques, conventional
digital processing will probably be ussd.

PRI

What are the conmunications prospects? As always, dedicated circuits are highly desirable
from observer to memory and from memory to user. Such circuits will undoubtedly be desired
and sought. However; the system will be designed to be as good a3 is posaible under any
condition of cammunication outage, including the delays and losses which result from the use
of common-user circuits. A graceful degradation design will produce high quallty products
under conditiona of reliable cosmunications as well 3 a quality job under conditions of
unreliable cammunications. The system anclyses are expected tc permit the importance, in
terms of the improvement of quality of service, of dedicated circuits to be evaluated so that
& rational determinution of the type of circuits to be provided can be made prior tc the
introduction of the total system into ths field.

AR Y A I

g: System Evolution. The above discussion has considered an ultimate Automatic Meteorological
System, one which will see field use with Army 85. This does not imply the absence of im-
provement in the interim. It is expected that the applied research that is done on the
Autamatic Meteorological System will lead to its evolutionary introduction. Perhaps this will
be done first with improvements for the srtillery, then for CB, then aviation as progreas

t occurs in understanding each application; and finslly as the development of observation

apalysis, prediction and appl -cstion techniques progresses. The details of this evolutionary
introduction cannot be spelled out today.

In the development of the Automatic Meteorological System, the Army is exploring the entire
range of posaible techniques for observation, analysis, prediction, and application. Every
pramising idea which surfaces will be considered for its possible contribution to the success

of the system. The challenges are great; the potential pay-off in operations is almost
incalculable.
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ladies and Gentlemen,

Needless to say, 1 am greatly pleased and honored to be here with you today, although I
realize that my appearance in place of Major Cenersl Williem B. latta, the Commsnding General
of the US irmy Electronics Command at Fort Monmouth, must be sort of disappointing to you.
You have met with General Latta during last year's Technical Exchange Conference at Fort
Monmouth, and he was extremely interested in your activities, and youwr program committee had
made an early decision that you would like to have him as your luncheon speaker here today --
g but unfortunately, as we sometimes say if we reler to the Pentagon, "circumstances beyond our
‘ control” have at the last minute precluded his personal appearance. General latta does

[ . indeed regret this very much. He was looking forward to meeting with you again and also to
visiting Colorado Springs and to seeing many of his friends whom he acquired when he previous-
ly spent s tour of duty at NORAD. e specifically asked me to express to you his warmest
personal regards end his sincere wishes for anotner fully successful conference.

x
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I am afraid I have to disappoint you in one rcore regard. Kot only will you bLe deprived of the
general's personal appearance, but you alsoc will not hear nis speech. 1 have his speech and
it is very good, but sarehow I have never learned to give sometody else's speech. Some people
can do this perfectly. 4Ye once had a Zommending General at owr Fort Menmouth laboratories,
-and many of you may know nim, he later became Chief Signal Officer of the Army, &nd is now
retired and is with industry. He was superbt in presenting speeches from manuscripts which
were prepared for him. Before 1 realized his unusual capability, I used to be a nervous
wreck whenever he gave me an assignment to write a speech for him. I would comply promptly
and submit the script early for his review and approval, and every day wvhen I asked for his
decision he just would say, "Hans, don't worry. Everything will be all right.” And to my
consternation this would go on until the very day of the mresentation at which time he would

w0

taxe the ranuscript from his desk, unread, walk to the rostrum, and make a perfect delivery.
, The General had attained quite a reputation fer this unique talent. It was not until after

his retirement that samebody was facetious enough to trip him up. I am not making this up
for your entertainment; the General has reveasled this episode to me with a great grin on his
face. Again, he was in the middle of one of his splendid performances and as he turned to
page 5 of the manuscript the page and the rest of the pages were empty except for a cryptic
note which said, "and from now on, you so &and 50, you are on your own', And this is very
much the same sentiment which befalls me at this point. But I felt I should say something
here which comes from the heart rather than from a piece of paper.

Looking through the program of your Conference and attending this morning's session, I have
been deeply impressed with the diversity and the depth of the subjects to be presented, and
it 4id not take me long to be convinced that for one who is not directly actively involved
in this special field, it would be pretty difficult tc say something which carn compete in
significance with any of your program items.

Of course since you are my captive eudience I could exploit the allotted time to do a long
comrescial for the Electronics Command and its meteorological activities at Fort Monmouth,
White Saends, and Fort Huachuca, and for the former Signel Corps and for all these activities
fine contributions to the field of stmospheric science as well as to meteorological equip-
went -- of which we are truly proud -- but since you are such & highly professional group,
I am confident that you are all aware of these facts.

On the other hand, I could speak on generalities ie7varding the Army's important present and
future needs in veather information and meteorologicel and environmental data sbout wrich I
am deeply concerned in my professional responsibilit.es. I would have to think here about
the entire spectrum of vital needs:

- the greater general wea*her support, short range and long rauge, including climato-
logical information f-r overall Army-wide planaing and utilization,

H - the greater specinl weather support to commands arnd staff for operstionel decisions,
11
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- the need for improved fallout predictions for nuclear, chemicel, and biclcgical war-
fare,

- the need for improved ballistic meteorological support, and %hese whe heve follcwed
General Westmoreland's pronouncements and speeches on hics experieuce i vietnem, r2elize the
trewendous savings which could be chtained i{ we could shoot just a little bit more accurately,

- the greater need for Army aviatior weather suppors,

- the continued need for terrsin weather support > plot our moves on the surface cf the
earth,

- the increased requirement of meteoroclogical support for reliable communications on che
ground and tarough sntellite links,

- and not to forget our interest in all uspects of weather and reteorological modifica~
tion aspects which can assist the overall Armv objectives.

But again, these are all facetr of the overall tesk which you are specifirally here vo
study during your Conference in much more detail than I could offer in a few minutes.

Of course I would be tminernitly qualified, like everybody else, to just speak about the weather
and, by golly, could I give you a case history of the past twelve months, including the eight-
hour ride to cover the roriy miles distance between Fort Monmouth and Wewark during a blizzard
on a day where the New Yorxk metropoliten weather forecast predicted a 2C% probability of light
snow flurries!

But what I would rether like to do is to emuse you with some personal recollections related
to the evolution of one of the greatest meteorological achievements of our time -- the ceteorc-
logical satellites -- the TIROS, the NIMBUS uystems.

When in early 1955, still under the wraps of high classification, th= various linited 3tutes
gcvernment research end development ectivities were invited to study and prepare plans for
scientific uses of small ertificial earth satellites, with a maximum totul weigh+* cf some

20 1bs, the type which eventually was to be launched with the Vanguard vehicle, we at Fort
Monmouth immediately zeroed in on two major potertial ereas: ccamunications and reteorclegy.
Since the radio-relay “ype of cozmunicztion satellite was scon 1uled ou- within the IGY
Vangeard program as an applications test rather than & scientific duta-gathering concert, our
effc.ts concentrated on the mweteorological aspzact. TInrough the ingenuity of a team hezced by
Bi1l Stroud and Bill Nordberz, both nov with the Raticnel Aeroreatizs and Space idajuistratiorn
(NASA) end from the program, I realize that Bill Hordterg was to present a psper to yca
yesterday -- in spite of the exireme payload limitetions, a first primitive clouwi-Iover
observation satellite wes designed in 195>, aacd after » remarrable aAsbate within i meteoro-
logizal sclertific community as t» the merits of global clcud-cover observaiions, tentatively
accepted for the Vanguard program. It was originally designated oniy as a siendbr, but
through the slippsge in the schedule of other Venguard payloads, it moved up guiskiy ané was
eventually placed into orbit in early 1359. Unfortunately, after successfully realhing orbit,
the satellite was kicked by tine accidentally re-ignited last and already separated rocket
stage and it wobbled so badly the data reduction subscguently became virtuelly impossible.
But, nevertheless, this experiment®. of a Fort Mormouth sclentist and engineer tzaam, mest of
whor have since transferred to NaSA, was historically the first step towevd the successfiul
evolution of todasy's weather satellites. The concept was very primitive, just & narrow-
angle-scanning photodetector since more elaborate systems were unacceptable witn the szvere
weight limitstions. If a television-iype satellite undoubtedly wes to be the logical next
step, the creation of TIRO3, which eventually represented the first of such advanced systems,
would not emerge along a straight logical evolutionary peth.

As many of you may remenber, the period 1955-1360 was one of great competition, some inter-
service tenslons and the lack of cleur and final missjon assignments in the United States
rocket, missile and satellite field. The Army had tbe origincl lead in the missile field
vwitn the RED3TONE and JUPITER systems, and i1t had elready basically in 1956 a capability to
launch satellites bigger than those that the VANGUARD would be capable to handle. But the
nationcl policy to clearly separtte the scientific VANGUARD IGY effort frow any military
missile interrelationship kept the country's catellite effort at vey until, as you all

112

P e R e N




e

1 e B e S o 1 AR i Sombeigt = W o A L, -

.-

remember, the Russiens swprised us with the launching of SPUTNIK I in October 1957.

At any rate, while the practical launching of satellites was neld back by tke VANGUARD schedule,
the planning and designing of applications satellites was going on full steam in nmany places
to be ready whenever the restrictions would firally be lifted.

We et Fort Monmouth worked et that time very closely with the newly established Army Ballistie
Missile agency (ABMA) at Redsione Arsenal, Huntsville, Alabame, and its famous commanding
general, Major General John Medaris. 1 was the Signal Corps speciel assistent for Space ige

Activities, and was in continuous contact with ABMA and particularly Dr. Wernher von Braun and
his team.

At some time in early 1957, I received an urgent call from General Medaris' office to
immediately fly down to Huntsville and be prepared to stay at least a day or so. In Hunts-
ville, I was received by Mr. Eberhard Ries, Dr. von 3rsun's deputy, who usnered me into a
secure room and hended me with an air of great significance and secrecy a 2-1/2 inch thiek
clessified report and invited me to spend the day reading the report and above sll to study
what role the Signal Corps laboratories at Fort Monmouth could play in implezenting the
recommendations of the report. It was a fascinating dsy which I spent with this document
vhich was the result of an ABMA contract with RCA Princeton on a project later called "JANUS,"
it represented a complete system study of a high-resolution worldwide television-type -
satellite-reconnaissance 2oncept and it wes well vuckgrounded against a previous study which i
vhe air Force had slready contracted in 1951 with the Rand Corporation as prime and RCA as
sub=contrector. The system called for a rather complex satellite payloed and a widely dis-
parsed ground-support compiex. It all seemed technologically feasible, tut one concern came
lamediately to my mind: If this was to be a worldwide reconnais sance systenm which the Army
was to establish, was not the Army going to run smack into a mission confliet with the
stragetic reconnaissance mission of the Alr Force? And I certainly wented no part of getting
the 5:1nal Corps involved in a miscion conflict with one of its own children, I brought oy
concern to the attentlion of General Medaris' staff and received an explanation which at that
time seemed to De reascnable. Tue argument went this way: The Air Force'strategic regen-
naissance mission had the mein purpose to locate in 3Zenerml geographical terms important
militery targets for the objective of destroying those targets by aerial bombardment in case
of war. In the execution of this final goel it was essential to establish exmct gecmetrical
interrelationships by visual or rader observation vetween the target and the avtecking air-
craft, whereas the exact coordinates oI the target within the geodetic grid of the earth vere
of lesser irportance. On the other hand, an iatercontinental btallistic missile defense

system required the precise knowledge of the XYZ of the target in the grid of the earth and
such accurate information could only be provided by a sitellite-based system, and the Army,
which at that time was and expected to remain the naticn's missile arm, needed such a system
for the execution of its mission. Tne system was therefore more properly designated as a
target-acquisiticn and location rather than 8 strategic-reconnaissance system.

I returned o Fort Momsouth nighly impressed and with e few notes which I was permitted to
teke and we started to analyze the system from an overall electronic standpoint. again it
&ll looked very feasible and prectically within the state-of -the-art. But the required pay-
load weights for the satellite were sc excessive that ii did not seem possible to expect
implementation with rocket-vehicle types foreseeatle in the near future.

ABMA had come to the seme conclusicn and had awarded in the meantime a new contract to RCA
to work out a design for e more modest prototype of the satelliite.

Snortly after the surprise launch of SPUTNIK I, and after ABMA had already received our
Government's go-ahead on helping out the still delinguent VANGUARD project by launching Army
IGY satellites, General Medaris called a crash meeting st Huntsville. The subject was the
go-ahead on the limited target-location satellite system in which ABMA would take the
launching-vehicle and lauwnching responsibility, and the Signal Corps Laboratory at Fort
Monmouth the responsibility for the payload and asscocisated ground-support equipment.

I neaded the Signel Corps delegation s&nd after we spent 2onsiderable time personnally with
General Medaris, Dr. von Braun, and members of thelr staff reviewing and discussing the
details of the RCA proposed design plan, I came 0 one clear conclusion: Sure, this was an
outgrowth of the arbitious nriginal worldwide target-acquisition and location-satellite
concept, but in itz simplified form *he expected picture resolution wes so limited that it
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hardly could provide more than crude terrestriml outlines, land and sea masses, big rivers,
but was for frow being able to detect any military targets. Indeed, it would Just be a very
acceptable cloud-cover observation or meteorological research satellite. I discussed this
conviction with General Medaris snd suggested it might not be wise <o implement the experi-
ment under the designation of a cloud-zover observation satellite rather than to unnecessarily
excite the minds of the nation and the world with a threet of a global-surveillance sctellite
vhich at this point really did not exist. But General Medaris strongly felt that degrading
the satellite's goal would degrade priorities, and support to implement the project would be
lacking. And so we proceeded in the joint ABMA-Signal Corps target-location satellite project.

A fev months later, in early 1958, &nd as another consequence cf the Russian SFUTNIK surprise,
the United States established the Advanced Research Projects Agency (ARPA) which took on
major resronsibilities in the early space effort and had authority for mission assignments
wvithin the various United States services and agencies. Within the new mission assignments
vhich ARPA established, the launching of a worldwide reconnaissance or target-location
satellite by the Army was no longer in the cards. At this time, ANPA agreed, however, that
the proposed project was indeed en excellent possibility for a meteorological catellite.

And since this was then a sclentific endeavor, ARPA considered spcnsorship within the
purview of its own mission responsibilities. Thus the project spoansorship was transferred
in mid-1958 from the Army to ARPA with both ABMA and the Signal Corps remaining in the
ariginal phases of their technicel responsibilities. Since the goal of the project was,
howvever, now officially shifted from 'surveillance" to '"meteorology”, a study group in which
meteorclogs experts toth from cfivilian and the military side played a key role was convened
to review and revise the project to optimize the design toward the meteorological mission.
This is when the infrared sensors were added to the regular television sysiem and vwhere a

design emerged which we now know as the TIROS -~ the television and infrared cbservation
satellite,

Shortly thereafter, as further clarification was made within the missile mission responsibility
between the Army and the Air Force, the rocket vehicle criginaily planned for ABMA for tha

TIROS couwld no longer be expected and vehicle and launching responsibility was transferred at
that point from ABMA to the Air Force.

In April 1959, when ABMA itself had to again divide 1is responsibilities with the newly

founded NASA, sponsorship of the practically comple=ted TIROS was transferred from ARPA to
NASA.

And s0 finally TIROS I was leunched on 1 Aprii 1960 under NASA sponsorship. The Air Force
Ballistic Missile Division provided the THOR/ABLE vehicle and the launching; the Signal Corps
at Fort Monmouth was in charge of payload and associated ground station, with RCA as the
prime contractur. The NASA tracking and computer facilities and the United States Weather
Buresu played a major role in the data gathering and analysis.

Thus, en effort starting initially strictly as a military endeaver, and after going through

a remarkable process of changing responsibility, sponsorship, and goals, t'inally ended up

in a splendid success starting the evoluticn of the meteorclogical satellites which in their
further advanced form have since taken almost routinely a key role in our daily global weather
monitoring; analysis and prediction process. And after serving initially almost exclusively
an important civilian mission, the weather satellites have long again reached the point of
scquiring additional new significance in also serving the military needs, not in the original
surveillance, but in the meteorological area.

The meteorological field has a history of such important interplay between military and

civilien aspects fram its very beginning vhen the first United States veather service wac
assigned in 1870 to a military agency.

There is hardly another discipline in science and technology where there is closer irter-
relationship and greater wmutual interest of military ard civilian agencies and, abowe all,
vhere there is closer cocperation between both the agencies and individual scientists. The
tlend of speakers and participants in this conference is another manifestatian of this fact
vhich is so highly conducive t¢ progresa.

I just thought you might enjoy this little hi=torical rundown on TIFCS, which Yy no means is
complete, ae & light diet after this fine lunch, and before you return to the heavy diet of
the program of your Conference to which I wish you full success. It was indeed a privilege
to talk to you.
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PROBLEMS AND PROMISES OF DETERMINISTIC EXTENDED-RANGE FORECASTING*

Joseph Smagorinsky
ESSA, Gecphysical Fluid Dynamics Laboratory
Princeton, N.J.

Abstract

Since 1949 the application of computational techriques to the integration of
mathematical-physical models of the atmosphere, and more recently the oceans, have
yielded & ~ontinuocus enlargement of the predictive range of validity. Furthermore,
recent yefinemerts in our understanding of the wltlnate determinisiic limits of the
large-scale atmosphere provide us with a cleurer rerspective of the levels of
predictability to which we can aspire and the demards which will be placed on
Tuture theoretical models, observational systems and computing apparatus.

The latest advances in modelling indicate a present level of model viabiliuvy,
starting fram real initial conditions, of the order of one week, provided crucial
technological limitstions can be removed. These stem fram the critical need fr-
better defining the structural deteils of the atmosphere through systematic ana
camprehensive observation and fram the overwhelming need for vast increases of
camputing power. The former appears to be no easy task despite the great advances
in rlatform and sensor development. The newly revealed specific needs cannot
easily be met and present indications augur severe compramisas. A major expecta-
tion is that the use of sophisticated models for data assimilation will permit
greatly improved “hresholds of information extraction fram a given observational
mix of technologies. Parsdoxically this may at the same time materially improve
our ability to predict short-range changes of the atmosphere. Moreover, specific
camputational experiments reveal the penalty being paid for computational compro-
mises forced by existing camputer technology, particularly in resolving the
vssential phenamenclogical scales.

Just as these technological limitations preclude full explolitation of existing
model sophistication, they at the samec time inhioit the future model development
needed to extend the practical range of prediction beyond one week.

Limited experiments indicate that if one is to expect the practical deterministic
range of prediction to approach the synoptic-scale deterministic threshold of at
least three weeks, the global atmospheric system 1ust be dynamically coupled to
the oceans and the surface-hydrology system. This creates new computational and
observetional demands. In turn, however, one can envisage as a product, campre-
hensive prediction capability for the total atwmospheric-oceanic-hydrologic system.

*Dr. Smagorinsky's presentation covered much the same thoughts he gave in his
Wexler Memoriai Lecture to the AMS, which is published in full in Bulletin of the
fmerican Meteorological Society, May 196G, pp 286-311.

il

il o it




ey

T TR WY TTRrTr- -

A

ARG AR i

L e s (NI e 1 s N 8

NUMERICAL WEATHER PREDICTION CAPABILITIES IN THE 70's
A PERSONAIL VIEW

Frederick G. Shuman
National Meteorological Center
ESSA - Weather Bureau

Department of Commerce

The relaxation of four fundamental limitations will determine the progress of op-
erational numerical weather predictions:

(1) the limited power of computer machinery,

(2) 1inadequacies of the observatic. »! network,
(3) gaps in b: ‘ic scientific knowledge, and

(4) problems of nur:erical methods.

The balance among these limitations varies drastically with the scale and period
to be forecast, in some cases a gquantitative physical approach being prevented.
Although uncertainties rise exponentially beyond the first quarter of the 70's-
decade, there is good reason to exp:.ct, commensurate with progress during the
60's, increased accuracy of numerical weather predictions. Equall: as impor-
tant, extension of the period several-fold is expected, and applications to the
meso-scale problem are likely before 1980,

[. INTRODUCTORY REMARKS

I must say I feel more than somewhat uncomfortable attempting a prediction in the range of
10 years. There is at the moment a controversy going on in the meteorological community
over whether tne limit of atmospheric predictability is 5, 10, 20 days or somewhat longer,
and we only now at the National Meteorological Center (NMC) have become prepared opera-
tionally to extend modern dynamical methods to 5 days. But here we are gathered, attempt-
ing a 10-year prediction of predictability.

I have decided to approach this question as a problem of limits. In this way, I liope first to
lay out the vast area of what we can reasonably expect not to be able to do before 1982, und

then to discuss a variety of possibilities.

Operational numerical weather prediction (NWP) as we now conceive it has four fundamental
limitations, all of which must be relaxed for continuing progress:

(1} limited power of computing machinery.
72} inadequacies of the observational network,
(3} gaps in basic scientific knowledge, and

{4) gaps in basic mathematical knowledge (e. g., nuinerical methods).
For discussion today, 1 will consider the first two,
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1I. THE COMPUTER LIMITATION

Figpure | shows computer speed plotted on a logarithmic scale against the year of acquisition
for NXMC's operational use. Unity has arbitrarily been assigned to the speed of the CDC-
6600, the computer currently used {or operational prediction. The figure also shows a
straight line connecting the lst operational NWP computer, the IBM~701, and the CDC-6600.
This line is extrapolat<d to the year 1980,

With this crude trend method of prediction, machinery with speeds 350 times the CDC-6600
may be expected, as shown in the figure. The computer shown by the point marked "A" is

in existence now, and its production is going forward. 1 have piotted coinputer "A' in the
vear 1971 as a reasonable year of acquisition for operational weather use. Point "A'", there-
fore, is relatively certain as a prediction, and shows we are still near the growth rate of
537 compounded annually, projected throughout the 1970's.

There is another development taking place, of which I am sure you are all aware. The most
optimistic estimate for the first ILLIAC-IV to my knowledge was based on analysis of a
simple calculation related to an NCAR (National Center for Atrmospheric Research) model,
and showed a speed advantage of 800:1 over the CDC-6600. This is undoubtedly an over-
estimate, first because of the limited nature of the analysis, and secound because the clock
in the design subsequently was slowed. If we optimistically assume a 500:1 advantage of
ILILIAC-IV over the 6600 and assume acquisition for operational use in 1973, our 53%
growth rate yields machinery almost 10, 000 times as fast as the 6600 by 1980. We must
consider this figure as an outside limit, since an initial ILLIAC-IV 500 times faster than
the 6600 represents a breakthrough as yet uncertain, its year of acquistion will depend on
solution of future production problems, and there are of necessity even greater uncertain-
ties about machinery following ILLIAC-IV,

Now, allow me to take an extreme tack, and to ask what we would do if computer speed

were our only limitation. We would pile all of atmospheric physics possible into our models,
and reduce the mesh size of our models as much as possible. In NWP, the latter introduces
a curious fact, a fundamental relationship between computer speed and mesh size. In this
connection, I will assume that current operational deadlines for predictiors in various
ranges must more or less be met.

Before discussing this in terms of the future, let me look at the past. What have we done
with the 105-fold increase in computer speed given to us by advances in hardware technol-
ogy to date, as shown in Figure 1?

We started operational production with a one-hour time step, 1300 points spaced 381 ki
apart in the horizontal. and a barotropic model with one level of resolution in the vertical.
Ve were thus performing calculations at 1000 pts, every forecast hr. We now have 10-min.
time-steps, 3000 points in the horizontal {covering a greater area with spacing the same as
earlier}, and six levels of resolution in the vertical. FEvery forecast hour we now perform
calculations 2t 6 x 3000 x 6 = 108, 000 points, a 108-iold increase. There are other differ-
ences among the models which affect running time. but they all tend to compensate each
other. The point is that in the past, 11 a rough sense, we have used the 105-fold increase
in compuler speed to increase the numhrer of points in space and titie,

The atmosshere occupies all three space-dimensions, and our present numerical methods,
for computational stability, require the time-step to be proportional to the distance between
points in the horizontal. In itself, this means that the number of calculations increases as
the fourth power of reduction in grid size. Where Ay 1s the grid size. and N is the number
of calculations,
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An increase in speed by 10, 000 {old (the 1980 fallow-on to ILLIAC-1V) would thus allow a
reduction ot grid-size by a factor of 0. As others have suggested, a reduction in horizon-
tal prid size would probably not require as great a reductiun in the vertical. On this basis,
let's take

1

N -
{ax) >

Then an increase in speed of 10, 000-fold would permit a reduction of grid size by a factor of
14 instead of 10.

The table belocw shows p2rmissible reduction factars for grid size for two conceivable 1980
compvuters, one with a 350-fold speed over the 6600, the other with 10, 000-fold; and with
the two power laws, 3,5 and 4. 0.

350-fold 10,000-fold
2. 5-power 10. 4 39.9
3. S-power 5.33 13.9
4, G-power 4.33 19

I have also included values for a2 Z. 5-power law, the latter being in case we could somehow
arrange to reduce the grid-size without atfectir.g the tirne step. Implicit difference systems
have such an attractive property, but invariably entail additional calculations per timme step.
We could at least hane t¢ gain something from implicit systems  and the 2. 5-nower law
figures are shown as values beyond reasonable limits.

We note here that vastlv faster machinery will get us a reduction in grid size of a factor cf
only about 2 1/2 over the slower machinery, As someone has said, NWP inrelation to com-
puters may be likened to a gas in a container. No matter how much the container is ex-
panded, the gas will fill all available spc-2,

From this simple exercise, it can be seen that even our highest expectations in computer
speed by 1980 will not allow operational treatment of a hemisphere in the convective cloud
scale - which would require a grid-size 1, 000 times smaller than the current size, and com-
puters 3-million-fola faster than the projected 1980 follow-on toc the ILLIAC-IV. With the
growth rate of 53% compounded annually, such machinery would not appear until 2015 A, D,
With great good fortune, my great-grandchildren will take part in the ensuing bieakthrough.

If I may venture a prediction, by 1980 our operational global models will kave horizontal
spacing of 59 to 100 km 2nd 10-15 levels in the vertical. Meanwhile, capabilities for ahort-
range models over a limited area with cnnsiderably finer mesh will develop insofar as com-
puter power is concerned. Observational capabilities for such models are highly doubtful,
however.
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I, THE OBSERVATIONAL LIMITA TION
Our current operational data base consists of .
(1) 2000 surface observations,
(2} 450 rawinsondes,
(3) 1000 aircraft reports, and

(4) satellite ¢ioud photographs,

In the case of the first three, the numbers shown are of those processed per 12 hr cycle.
Satellite cloud photographs cannot clearly be stated in the same gquantitative terms. Their
coverage is excellent, superior to the other three, but they are not accurate measurements
of the quantities we need (3-dimensional distribaution of pressure, tempcerature, wind
velocity, and moisture).

With the exception of satellite cloud photographs, all of these sources come mostly from the
northern half of the Northern Hemisphere (north of 30N). This quarter cf the globe is about
evenly divided between continent and ocean. Rawinsondes are confined almost entirely to
the continental areas, aircraf*t reports to the oceanic areas, and surface reports more
evenly divided.

The table below gives area per observation und its square root, which is the average spac-
ing of the observations.

Area per Average
Observation Spacing
4 > Continents
Surface Observations 6.5 %10 km 250 km & Oceans
. 4 2 .
Rawins 14 x 107 km 380 km Continents
Aircraft reports 6.5 x10% km ° 250 km QOceans

These {igures can only be regarded as rough approximations because of the rough assump-
tions, They do, however, show a rough compat:bility with the grid spacing, 236-408 kmn,
of the operational model.

There are glaring deficiencies, on the other hand., Both aircraft reports and surface obser-
vations represent only one level of information in the vertical, and cver oceans are un-
evenly distributed, being concentrated along commercial routes. And there is the problem
of the southern 3/4 of the earth, where tc the order of magnitude shown in the table, con-
ventional observations are non-existent,

Now, what ic in store for the 1970's? The single most certain source ot ~dditional data is
indirect soundings from satellites. On May 20, 1969, NMC beganr operational use of such
data, so-called SIRS, from Nimbus-3. The Nimbus is an experimental program, and so
cannot be depended upon to be continuous, but it is already clear that an observational
breakthrough has been achieved. While we await an operational program, we will use data
from Nimbus experiments, as available, in our operational analyses and learn to make
optimum use of them.
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I"igure 2 shows the schedule of pertinent space shots.
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SIRS-A instrumentation has a field of view 200 km in diameter, in rough correspondence to
the conventional net, There are large gaps in its coverage in low latitudes because it looks
straight down, and successive passes are more than 15° of longitude apart. It gives infor-

mation equivalent to abeout five independent temperatures in the vertical. IRIS-A may give

operational informnation about the moisture field, but it is nct available now.

SIRS-B aboard Nimbus-4 will be instrumented to scan lateraliy and will close the gaps in
low latitudes. IRIS-B is an improvermnent over the "A' model and will give about three
independent humidity measurements in tho vertical.

GOES will be geostationary at 100W, and will give wind information through tracking of indi-
vidual clouds. Investigations by NESC (National! Environmental Satellite Center) show that
such observations will be far more quantitative than any other current methods for deter-
mining winds from satellite platforms. They will contain, however, essentially only one
level of information, although the level will vary widely by cloud type, They may not add
much independent information to a SIRS-type data base in middle and high Jatitudes, but will
be of great value in tropical regions, where SIRS-type data, being observations of mass and
pressure, will not be of much use.

ITOS-D and Nimbus-5 will be shot at approximately the same time. ITOS-D will be the
first operational satellite with indirect sounding equipment, and i will discuss it rather
than the experimental Nimbus-5.

VTPR (Verticai Temperature Profile Sounder) aboard ITOS-D will have a narrower field of
view, about 35 km, but will have wider channels. The narrower field of view will be used
to look through breaks in clouds, and will not necessarily result in greater horizontal reso-
lution of input to NWP. VTPR, like SIRS, will give about 3 independent temperatures in the
vertical, but they will all be below 100 mb, where we mostly need the information. Only
one level of information will be obtainable on humidity - precipitable water or equivalent
information,
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ITOS-E 1s a backup to ""'D’, with essentially the same instrumentation. Its design is now
committed.

The importance of ITOS-F, the backup to "E'", is that its design is not now committed. We
should ask for three levels of humidity observations.

The vertical 1esolution of indirect soundings from satellites is relatively fixed by funda -
mental probleins. In order to increase the vertical resolution by 20%, the numer of radi-
ances observed would have to be doubled. The point of diminishing returns would therefore
very quickly he reached.

Networks of constant pressure balloons would not change the observational picture in any
fundamental way, although they could provide more accurate wind measurements than GCES.
Such balloons would likely provide essentially unly une level of wind information in the
troposphere.

IV, CONCLUDING REMARKS

With fifteen years experience in operational NWP, we are perhaps in a better pusition to
predict the 70's decade than we were in 1959 to predict the 60's. At least the framework of
future operational ylobal models seems clear.

By coincidence, proiections of compiter power and observational networks lead to similar
conclusions. Growth in computer speed will allow a reduction in model grid size by about

a factor of five, with roughly a doubling of levels in the vertica’. The observational network
spacing will not match this resolution, being off by a factor of vwo or three, but NXWP
models should have a finer mesh than the cbservational network to prevent accumulation of
truncation error,

I have so far avoided discussing the range of future numerical weather predictions. The
question of range involves limitations (3) and {4), gaps in scientific and mathematical knowl-
edge, which I do not believe will be overriding in refining the model framework by increas-
ing its resolution. With present knowledge, I expect improvement in the shorter ranges
with such a refinement.

At least we know by trial that we have nct reached a fundarnental or useful limit of predic:-
ability at five days. We should reasonably expect extension of this range. During the 1960's
we have extended the useful range of NWP by about a facter of three. Projection of this
experience through the 1970's would lead to a useful range of a fortnight,
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THE REAL-DATA FORECAST PROJECT AT NCAR-A PROGRESS REPORT

bavid P. Baumhefner
The National Center for Atmospheric Research
Boulder, Colorado

An outline of the work on real-dat. forecasting accomplished during the past few
years at the National Center for Ati-ospheric Research and ics pussible applica-
tions to future numerical weather prediction models is presented. Several basic
questions, such as resolution, lack cf data, initialization, and predictability

is discussed and contrasted with the results of our real data forecast experiments.
A brief summary of the current numerical models being used at NCAR is given. Two
forecast experiments in which the initjial moisture was varied considerably is shown
to puint out the effect of altering the initial data in the model. Tne differeunce
between an unbalanced initial state and a balanced initial state is discussed, and
the resolution problem is investigated with a two-layer wmodel vs. a six-layer
model comparison. Finally, the accuriacy of our six-laver real-data forecast is
examined in detail.

I. Introduction

One of the major questions currently being asked with regard to numerical weather predic-
tion concerns the ultimate limit of deterministic forecasting. Recent research performed by
the Real-Data Forecasting Project at NCAR has attempted to answer this question along with
other related problems. The loung-range guidelines of the Real-Data Project include (1) the
examination of the predictability or accuracy of the numerical models, (2) testing different
variations of the model, and (3) preparation of a global forecasting model for the proposed
Global Atmospheric Research Project (GARP) worldwide data. In order to carry out these guide-
lines, twc global data sets are being constructed; a period of 5 days in January 1958 is
nearing completion and a new case for the month of December 1967 has begun.

The contents of this report include a discussion of the various real-data forecasting
models and their structure. Three experiments are presented in which the problems of inirial
data, initialization, and vertical resclution are brought into focus. And finally, the most
accurate forecast to date made by our six-layer model is shown.

II. Discussion of Models

The models being used to forecast real data are very similar to the G.C.M. formulated by
Kasahara & Washington (1). The most distinguishing feature of this model, when compared to
others, is the use of geumetric height as the vertical coordinate instead of some function of
pressure. The various physical processes included in tne model are similar to those of
Shuman (2) and Miyakoda (3).

There are threc versions of the model in which the vertical and horizontal resolution
vary. The original two-layer model, in which the vertical thickness is 6 km and the top is
12 km, has been expanded to include six layers, with a vertical thickness of 3 km and a top
of 18 km. The horizontal mesh for these two models ig 5 latitude x 5 longitude. A new code
is currently being tested which will allow a variation in the horizontal grid spacing. The
six-layer version includes a hydrological cycle and a non-linear viscosity coefficient. All
three models now have the capability of simulating the effects of terrain by physically
blocking the atmospheric flow in areas where the land mass intevsects tha vertical grid mesh.
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24 HR 6 km FORECAST
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III. 1Initial Data Variatjons

411 rumerical models require an accurate definition of the initial state of the atmos-
phere in order to produce a realistic forecast. However, it is unclear which atmospheric
variables need to be observed accurately, or what their re'ative importance is in different : -
geographical areas. Since the effect of moisture in the momentum equations is secondary in 3
nature, it was decided to design an experiment to examine how an initial moisture variation
will effect a forecast. Two 24-hour forecasts were made using our six-layer model, starting
with two different initial moisture distributions (Fig. 1). The initial moisture for Case :
#6-16 18 simply & zonal, climatological average cf the mising ratio for January. The mixing 3
ratio for Case #8-16 is calculated from a zonal average of the relative humidity for Janusry
Although the initial moisture distribution is quite diffecent, the 24-hour forecast (Fig. 1)
shows very similar patterns. Apparently, the moisture field conforms quickly to the large-
scile flow patterns even if the initial conditions are somewhat independent.

Figure 2 illustrates the difference between the two initial mcisture distributions as
reflected in the surface pressure forecast. Judging from the two skill scores (S, and RMS)
and a visual examination of the surface pressure patterns, it is evident that very little
change is made in the forecast by the different initial conditions. It appears from this
experiment that the analysis of the initial moisture field will have little or nro effect on
the outcome of a forecast made from a relatively large-mesh model.

Several other experiments are in progress to check initial data variations. A semi-
objective technique derived by Nagle (4) tc modify the 500 mb height field using satellite
dara is being tcered on data in the Southern Hemisphere. Another technique to extract wind :
data from £T3 satellite observations is also being considered. These schemes will be used to
check the eifectiveness of the additional data by forecasting with and without the derived -
satellite information. Further work is in progress which will hopefully determine whether
observed velocity or pressure is needed to procuce the most accurate numerical prediction.

el

IV. Initialization Experiments

Extensive comparisons among various initialization techniques have been presented by the
sutlior (5). The main conclusion drawn from these comparisons was the relatively small change
in the overall accuracv of the various forecasts which were lJerived from different initializa-
tion schemes. One fur .er experiment was performed in which an unbalanced or uninitialized
velocity and pressure field was used as the iritia) condition. This experiment provides a
basis for judging the merits of filtering the gravitational waves from the initial data. Twvo :
24-hour surface torecacts derived from a two-layer model are shown in Fig. 3. Case #39 has -
been initialized with the complete balance equation and Case #62 starts with the unbalanced
initial state. The gradients appcar to be more intense in the unbalanced case, however, the
balanced forecast contains less phase error. The skill scores indicate that the balanced
case 18 clearly superior with almost a 107 improvement in accuracy. The same result is true
for the 6 km forecast (Fig. 4), although the relative imp-ovement 1s iless. It is interesting
to note that after three days the skill scores of both cases approach the same value at 6 km.

Therefore, “or longer range forecasts, it may not be necessary to initialize the observed data.

The result of the previous experiment is somewhat surprising and may be due in part to
the particular model that was used. Further comparisons with the six-layer model are und=r
way td substantiate the preliminary conclusion based on the two-layer model. Also, experi-
ments are being planned to test different formulations similar to Miyakoda & Moyer (6) and
compare those results with the current iterative schemes.

V. Effects of Regoluiion
Perhaps the most severe limiting factor in the development of numericel models has heen

grid point resolution. The relative size znd spced of the computer currently being used
directly controls the amount of resnlution that one may incorporate into a model. Therefore,
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resolution experiments are quite difficult to perform with a global prediction scheme. A
preliminary attempt at examining the behavior of a global real-data forecast, whea the
vertical resolution was changed by a factor of two, is shown in Figs. 5-8. The internal
characteristics cf the two models (two-layer vs. six-layer) were exactly the same except for
the resolution change. The two forecasts are adiabatic and begin from geostrophic initial
conditions.

The 48-hour surface forecast (Fig. 5) illustrates a significant difference in forecasting
skill. The phase error of the six-layer forecast is much less over the Eastern United States
and other areas. The six-layer model shows an increase in intensity of all systems, which
is exhibited in the improvement of the S, score. The RMS score indicates an error reductfon
of nearly 10 m or 1 mb by increasing the vertical resolution a factor of two. Nearly the
same increase in accuracy is achieved at 6 km (Fig. 6) where the improvement in the phase
error is more noticeable. The six-layer model did not forecast a few areas as well as the
two-layer model; the Algerien low and the trough on the E. Coast of South America portray
this deficiency. However, the skill scores indicate an overall improvement with the six-
layer model.

From the previous experiment, there was approximately a 5-10% increase in forecast
accuracy achieved by a change in the vertical resolution. Further experiments are planned
in order to determine the optimum vertical resolution for the global real-data forecast.
Also, changes in the horizontal resolution will be attempted with a new version of the model
now being coded.

.

VI. Accuracy of the Model Forecasts

Last year, & two-layer forecast was presented in which the "usefulness" or "skill" of
the two-layer prediction was judged to be 24-48 hours at the surface and 72-96 hours at 6 ko
(5). Thus far, the most significant improvement in forecast accuracy has been the change
to the six-layer model. Some of the physical processes, such as the hydrological cycle and
the radiation calculation, have been greatly improved. Also, the Lax-Wendroff time step
smoother has been eliminated. A sample forecast is shown in Figs. 7-10. All diabatic effects
are included in the model with a saturation criteria of 75% relative humidity and the geo-
strophic initial condition is used for the wind field.

Figure 7 illustrates the 24-hour surface forecast along with the calculated pressure
Yskill" sceres for certain geographical areas. Overall, the prediction looks very good
with the positions of all major storms located correctly. Most cf the intensifying systems
were underforecast by 5-10 mb in che Northern Hemisphere and the central values of the low
pressure in the Southern Hemispherc were missed by the same amount. The largest error is
located just east of Greenland, where the pressure forecast was missed by 30 mb. However,
the average pressure error for the 24-hour prediction was approximately 5 mb.

At 48 hours (Fig. 8), the truncation of the low pressure systems continues with an
observed error reaching 15-20 mb and the average error approaching 7 mb. The forecasted
central location of each major storm still agrees quite well with the verification pressure.
The high pressure areas appear not to suffer from the weakening noted around the low pressure
areas. The S, score is near 65, which is still under the '"no skill" level of 70 or greater

2). !

In noting the 6 km level (Fig. 9), we see the gradients of the pressure field are also
weakening. This phenomenon can be seen best in the very strong jet over the No. Actlantic,
where nearly half the gradient has been truncated. The phase error of the major croughs
in both hemispheres is still quite small at 48 hours. The 72-hour 6 km forecast (Fig. 10)
begins to exhibit some rather large errors in the amplitude of the synoptic-scale troughs.
These are most noticeable in the Zastern United States and So. Atlantic systems. The smaller-
sgale synoptic waves in the Southern Hemisphere have been lost in the truncation error of the
5 x 5 grid. The phase of the Northern Hemispheric storms is lagging in the observed field
by 10”7 in mcst cases. Despite these deficiencies, the 72-hour forecast contains a fair
amount of skill when the larger scale waves are examined. The root mean square error (~85 m)
still has not reached the value obtained by assuming a persistence forecast.
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Four charts which attempt to show the relative usefulness or "skill" of the six-layer
forecast are illustrated in Fig. 11. The two graphs on the right-hand side are the RMS of
the forecast for the globe plotted with the persistence forecast error. If the crossover
point between the two scores 1s to be used as an upper limit of the usefulness of the fore-
cast, both levels have skill to four days. However, after examining the S, graphs, it appears
that this estimate may be too high. The arbitrary definition of 70, discussed by Shumar (2)
was reached in 2.5 days for the surface forecast. After careful examination of the skill
scores, the actual pressure difference maps, and the forecasts themselves, it was concluded
that the surface had some skill to 72 hours and the 6 km level was useful to 96 hours. Of
course, tlis judgment of skill is somewhat arbitraryv and should be considered only a result
of the synoptic-scale accuracy. However, if the longer wavelengths are singularly of interest,
the relative skill of the forecast can be extended over a slightly longer pericd. The in-
creased skill of the six-layer model represents approximately a 12-24 hour extension over
the two-layer result.

VII. Future of R2al-Data Numerical Forecasting

It is possible, from the results of the experiments presented in this report, to specu-
late on the future of numerical weather prediction. These conclusions may be characterized
as follows:

(1) It is unclear how much effect additional data will have on the capability of the
rumerical models. It is the author's contention that it will ultimately depend on what
resolution is being used in the model. It appears that the ''secondary' variables do not
need to be observed for the longer-range, large-scale forecasts.

(2) From the extensive comparisons of different initialization schemes to date, ouly
small changes in the accuracy of the forecast were achieved. For long-range predictiom, it
may not be necessary to initialize the data.

(3) Judging from the results of the two vs. six-layer experiment, resolution is probably
the biggest single factor which will improve the skill of real-data forecasts. A study by
Grammeltvedt (7) indicates that at least 10 grid points per wave length are needed for long-
range prediction. Therefor:, at least a 1 mesh will be necessary for an accurate forecast
of the synoptic scale.

(4) A reasonably accurate one-week forecast of the synoptic scale with the present
numerical rodels is possible with good resolution and uniform initial data. A somewhat
longer forecast may be realized if only the longer waves (e.g. wave #1-4) are considered.
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PROGRESS REPORT ON ATMOSPHERIC PREDICTABILITY

Edward N, Lorenz
Massachusetts Institute of Technology

The accuracy with which weather forerasts can ultimately be produced dependsa upon the
natural amplification ratc of errors. By "errors’ we mean differcnces between arbi=
trary separate states of the atmosphere, or between separate solutions of the govern-
ing equations. Recent independent estimates by dynamical and emparical procedures
agree that small errors in the synoptic and larger scales will double in about three
daya, growing more slowly as they become larger,

The greatest uncertainty in estim~"ing the ultimate accuracy of forecasting arises
from the possibility that the inevitable errors in the meso- or micro-scales will
rapidly induce appreciable errors in the synoptic scale, which will then amplify as

if they had been present initially, Preliminary studies support this hypothesis,
Purther studies using more refined statistical assumptions should be performed.
Experimental numerical forecasts with very closely spaced grid points should be under-
taken when sufficiently powerful computers Lecome available,

I, Introduction

Weather lore seems to date back to the earliest days of recorded history, but it is hard-
ly more than a hundred yeers since the various nations began to establish national wcather
services, charged with the coll ction and dissemination of weather information. The earliest
forecasts were necessarily rather unreliable, based as they were upon meager collections of
observations and unsystematic prediction techniques, and they did not always gain public con-
fidence., Indeed, Admiral FitzRoy of the British Navy was severely criticized by some of his
sclentific colleagues for issuing any forecasts at all to the public, and, following his
death a few years later, Llhe publicaticn of the forecasts was discontinued,

During the past century the nations have continually expanded their networks of observing
stations, so that a fair portion of the earth’s surface is now covered, Perhaps equally im-
portant, routine observations now extend throughout the tropospherc and well into the strato-
sphere, whose existence, incidentally, was unknown a century sgo. Exchange of information,
essential to the success of operational weather forecasting, nas generally taken place even
among those nations which have been disinclined to cooperats in other matters,

Likewise, new techniques of prediction have continually 'n introduced and tested. The
improvements in weather forecasting which we ha - experiencea over a hundred years can pre-
sumably be directly attributed to better observ. ons or hetter technigucs.

It is no secret, however, that mary innovatiu., . in forecasting have failed to yield the
improvements which were anticipated when they were introduced. A familisr examrle is isen-
tropic analysis, whose developers, incidentally, visualized it as 8 research tool rather tharn
a forecasting tool. Evidence of widespread belief, however, that isentropic analysis was at
least the partial answer to the forecasting problem is the fact that som¢ twenty-five years
ago the pressure, specific humidity, stream function, and shear-stebility ratio vector at
each of three standard isentropic surfaces were mandatory information con every radiosonde
message. Ye¢t today how many forecasters even know what a shear-stabiliiy ratio vector is?

A notable exception to the rule that new techniques fail to produce appreciable improve-
ments seems to be numerical weather prediction, We do not propose to present any documenta-
tion as to how well the technique has worked, but it seems safe to say that many meteorolo-
gists do not merely believe that numcrical prediction is capable of yielding mejor improve-
ments; they believe that these improvements have already been attained,
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Nevertheless, in the first few years after numerical prediction was introdvced as an oper-
ational technique, it was not at all obvious that rcal improveaments would be forthcoming.
Possibly it was the repcated failure of new methods to live up to expectations which from time
to time led some metcorologists to ask whether there might be previously unsuspected limita-
tinns upon lhe possible accuracy of weather forecasting. In th« past fifteen years or so,
the subject of predictability has developed into a vecognized field of meteorological re-
search, The basic questions to be answered are, firat, "What are the irtrinsic limitations
upon the extent to which the weather mey e predicted?”’, and, second, "'What furthsr practical
limitations are imposed by economir and other considerations?”

Il. Accumulation and amplification

We begin with the premise that if we knew the current state of the atmosphere and its
environment exactly, and if we possessed an exuct procedure for forward extrapolation of the
state of the atmosphe.e and its environment, we could predict the future weather at any range
without error. This premise is of course not strictly justified, since there is acme indeter-
minacy in the evolution of the weather, 1In partizular, the weather is influerced to some
extent by unpredictable human activity, However, in the present dlscuesion the lack of deter-
minacy mey be disregarded.

We then conclude that errors in prediction must recsult from imperfect observations of the
state of the atmosphere and its environme.t, or imperfect techniques of fo-ecasting. In
further detail, let us consider a forecast of the behavior of the atmosphzre throughout some
interval of time., At any moment during this interval, the forecast wili contaln a specific
error, We then find chat any subsequent growth of the error must result from one or both of
two processes: (1) an accumulation of further error due to e faulty prediction technique,
and (2) an amplification of the existing error due to a basic instability, We shsll refer to
these processes as the accumulation process and the amplification process.

Symbolically, we may let Xl(t) denote the exact state of the atmosphere at time t |
while X (t) denotes the predicted stat=; the error in prediction ig then - X .
If one were to predict the state at an extremely short range, say a few seconds, he could do
little better than choosing the current state as it is believed to exist; thus, the limit or
the error in prediction, as the range agpproaches zero, is elmply the error of observation,

and i* is logical to regard the prediction error at zero range, as belng the observational
error,

we may also let

dX/dt = F(X,t)

denule Lhe exact egquation governing the atmosphere, while

dX/dt = G(X,t)

denotes the equation which would govern the atwrosphere if the atmosphere really evolved in
accordunce with the prediction technique being used, It matters not whether the technicue
itself is numerical or subjective, W¢ then find that the evolution of the error is given by

d(Xz—Xl)/dt = [G(x2,t) - F(xz,t)] + [F(Xz,t) - r(xl,t)]

The twc brackeced terms represent the effects of the accumulation process and the amplifica-
tion process,

Although a given technique gives better results in some weather situations thaa in others,
there is nho resson to anticipate any continual increase in the nagnitude of the first brack-
eted term, wnich depends only upon the extent to which G feils to duplicate F. The term may
oscillate about some average value, Thus we may expecl that any increase in the total error
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due solely to accumulation would be quasi-~linear, On the other hanrd, the second brecketed
term depends upon the exteat to which X2 fails to equal xl . l.e., upon the existing
error, and may be expected to be large when the error is large. Thus the increasze in the
total error resulting from amplificatiun may be quasi-exponential. 1f there i1s indeced an
exponential growth rather than an exponential decay, the phenomenon we are witnessing is
instability; two siightly differinp states of the atmosphere, governed by the same physical
laws, are evolving into considerably different states,

A further complicating factor is that once Xg no longer resembles X; closely, i.e.,
once the error is moderately large, the growth of the error should no longer be exponencial,
Mathematically the nonlinear processes will have hecome dominart., 1In the limit.ng case where

X2 and xl ditfer as greatly as randomly chosen states of the atmosphere, no further
svstematic growth should be expectad,.

1f G does not closely resumble F, i,e,, if the forecasting technique is poor, an expo-
nential paase of growth may not be observed at all., 1Ii, for example, G = 0, so that the
forccast is a simple persistence forecast, the growth of the error will certeinly not be
expcnential, If, on the other hand, the forecesting technique is rather good, so that G
and P are nearly the same, and if{ the observaiions are rather good, so that Xo and X;
are nearly the same initially, then, i€ the atmosphere is unstsble, we may expect a range
of time during w-ich the smplification process #ill dominate, and a quasi-exponential growth
rate will be observed,

Perhaps because it is hoped that th~e technique of forecasting will eventually become
highly yefined, and perhaps merely because of personal preference, many investigators seem
to have concentrate? their attertion upon the process of amplification, i.e,, upor the growth
which aiready existing errors would undergo if the forecasting technique were perfect, 1In
the remiinder of this discussion we shall consider only the amplification process. We shall
find that the toHpic breaks up into two relawcd but distinct problems.

I1I. Amplification of large-scale errors

The first problem concerns the amplification of errors which are present in the larger
scales of motion. At a range of a day or more, it is only these scales whose details w2
LHually attempt to predict, We may wish to predict that smaller-scale disturbances such as
thunderstorms will occur tomorrow, but, except where lccal gecgraphy exzarts a cuntrolling
j1.fluence, we do not try to predict the path of a particular thunderstorm,

Ir. wany meteorological undertakings, and in particular in numierical wezther prediction,
we effectively define the state of the atmnsphere in terms of those scales large enough to
be resolved by conventional networks of stations, or conventional gengraphical grids of
points, separated by perhaps several hundred kilometers. Small r scales of motion are ack-
nowledged, but their statistical properties are assumed L0 Le uc-lerslihed by the large: scalcs
of motion on which they are superposed. The ~=ffects of the small scales upon the large
scales are assumed to bHe expressible in terms cf coefficients of turbulent viscosity and
turbulent conductivity.

Mrst c£tudies of the emplification procese have implicitly accepted these assumptions.
The problem then becomes fairly well defined The atmosphere becomes for practical purposes
a finitc systewm, with the field of each meteorological variabl. expressible ¢s a terminating
series of standard functions, possibly spherical harmonics. A field of small-amplitude
errors becomes governed approximately by a finite system of linear equations, derivable from
the equations governing the atmosphere itself. Aan arbitrary field of e¢rrovs is resolvable
into a set of normal modes, or eigenfunctions (which in tuirn are linear combinations of the
original spherical harmonics), each mode growing or decaying at its characteristic rate,
The most rapidly growing moude eventually surpasses all *the others in amplitude, so that its
growth rate becomes the ultimate growth rate of swmall errors,

Ip practice it is not feasible to find the various nornal modes. Most studies of the
growth rate of small errors do not atiempt to derive systems of equations goveriiing the
errors, but proceed to solve numerically one approximate form or another of the equations
goverring the atmosphere - usually a system which has already been derived for studying
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the general atmospheric circulation, Two time-dependent solutions with slightly differing
initial conditions are found. It is then a egimple matter to determine how rapidly the differ-
ence between the solutions, i.e,, the error, has grown.

We cite the most recently documented and probably the most detailed study of this sort,
performed by Smagorinsky 71969). 1In his two initiel states the temperature fields possessed
a root-mean-square difference of one-half degree, After a brief adjustment period, when much
of the initial error in the temperature field seemed to he transferred to the wind field,
there was fairly rapid growth, with a doubling time of about three days. The growth rate sub-
sided as the error increased, until, by the time the error acquired more than half of its iim-
1ting root-mearn-squarz amplitude of five Jdegrees, the doubling time reached about ten days.

Like all other studies of this sort, Smagorinsky's depends upon an assw.ed form of the
equations governing the atmosphere, It would be desirable to have some results which do not
suffer this restriction. We have recently completed such a study (Lorenz 1969a).

This study is based entirely upon cobservational dats, and makes use of the concept of
analogues, By analogues we mean two states of the atmosphere occurring at widely separated
times but bearing considerable resemblance to one another., If two states qualify as good
analogues, either state may be regarded as equivalent to the other state, plus a small error.
By observing the behavior of the atmosphere following the vccurrences of each state, we may
determine how rapidiy the error has grown,

In the five years of data which we processed, we were unable to find any truly good
analogues, The smallest root-mean-square height-field errors which we encountered, which were
mcre than half as large as differences between randomly chosen states, tended to double in
about eight days. There was a strong reiation between the si1ze of an error and its growth
rate, the smallest errors growing most rapidly. Extrapolation by the most easily justified
simple formula indicated that very small errors would double ir about 2.5 days.

Smagorinsky's dynamical study and our empirical study therefore show remarkably good if
not perfect agreement, They give a rather consistent picture of the expected future progress
of an error which is initially small. To translate the results into possible ranges nf pre-
diction, we must have some ideas of the accuracy and compietencess with which the atmosphere
will some day be observed, We can present no reliable figures; however, useful forecasts of
the positions and intensitics of migratory cycloncs and anticyclones ten days or even two
weeks ahead might well be anticipated within a generation, whereas similar forecasts a month
ahead seem entirely unrealistic.

1¥. Influence of small-scale errors

The second problem concerns the possibility that errors which are present in the smaller
scales of motion may lead at a later time to errors in the larger scales, S&trictly speaking
the complete state of the atmosphere includes not conly the larger scalcs as scen on standard
weather maps, but also the locations and structures of thunderstorms and indeed of the small-
est turbulent c¢ddies. Since we do not observe the f{iner details of thunderstorms and smaller
systems, our obsecrved state of the atmosphere must contain errors in the small scales.

hese errors should amplify nuch more rapidly than the larger-scale¢ crrors; an error in
chgerving a thunderstorm, for example, should grow at least as rapidly as the thunderstorm
iteelf, At the same tiwe, it may under suitable conditions progress to larger scales. Stated
otherwise, two statcs of the atmospherc which are initially identical in the larger scales,
and in the stetistics but not in ithe details of the smaller scales, may evolve differently,
Stated again, a slight alteration in the arrangement of the smaller scales of motion may alter
the course which the whole atmosphere will follow,

Consider first a sky tilled with snall fair-weather cumulus clouds, These may be of
rather uniform size and shape, and rather uniformly spaccd. There are no towering clouds
within their midst. Undecr these conditions 1t is hard to visualize how a simple reshuffling
of thc clouds, placing them in different individual locations, could have an appreciable in-
fluence upon the ultimate behavior of the air mass in which they are embedded,
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On the other hand, coneider a large pumber of small cumulue clouds. accompanied by a fair
number of towering cumuli and a few giant cumulonimbi; the latter may, in turn, be organized
into a squall line, In this event the relocation of a few small cumuli might easily alter
the behavior of a nearby larger cumulus; this might in turn affect the growtn of a cumulonim-
bus, which could then alter the course of the squall line and finally the whole air mass.
TLe eventusl conteminution of a forecast by a progression of the error from small to slight-
ly larger &nd thence to still larger scales therefore looms as a possibility.

In a recent theoretical study (Lorenz 1969b), we have attempted to investigate this poss-
ibility quantitatively. We have derived a syster of equations whose dependent variables are
the mean-square velocity errors in the various scales of motion. For convenience we have
allowed each scale to cover an octave of the spectrum, For initial conditions we assumed
that syatems of diameter greater than 40 meters were perfectly observed, while systems of

smaller dismeter were unobserved. We found that the errors did indeed propagate to lerger
scales,

8pecifically, the errors in one scale induced errors mainly in the next largest scale;
these in turn induced errors in the next scale, etc. Py the end of an hour, the initial
errors in the 20-40 meter scale had propagated to the cumulus scales (1-10 kilometers),

After a day they had invaded the esynoptic scales (1250-5000 kilometers). By 17 days there
was little prodictebility left in any scale,

Actually, the error growth after the first day, when only the larger scales retained
appreciable predicteability, was very much as it would have been if no small-scale motion had
been present at all. The principal difference between the results of this study and those
of earlier studies 1s that the presence of smaller scales assured us that within one day
there would be errors of moderate size in the larger scales. Without the small-scale motions,

the errors in the larger scales at the end of ¢ne day would have been only slightly larger
than the errors of observation.

These conclusions have such an important bearing upon the future of forecasting
must quickly emphasize that, like most theoretical conclusions, they are based upon
of assumptions, and, in this case, assumptions which may not be justified. Indeed,
clugiona are considerably more pessimistic than those which other assumptions would
yielded, Of primary importance is the assumption that the atmosphere possessos all scales
of motion in abundance. 8pecifically, the ebergy per unit wave number is assumed to fall off
from & peak in the larger synoptic scales according to a -5/3 power law,

that we
a number
the con-
have

It 18 evident that 1if certain intermediate scales are actually more or less absent in the
atmosphere, i.e., if there is a decided ''spectral gap', the inevitable errors in the smaller
scales can only induce errors in the larger scales hy jumping the gap. This they can do only
with difficulty, since the strongest influence of errors in one scale is upon errors in
scales only slightly larger, In any event, jumping the gap requires considerable time, so
that a gap would increas?® the xange of predictability, Moreover, even without a gap, the
progression of errors to larger scales is slower if the energy falls off more rapidly with

increasing wave numher, and it ippears to be extremely slow if the energy follows a -3 power
law,

A further shortcoming of our study is the assumption that quadratic functions of the
field of errors are independent of quadratic functions of the field of motion upon which
the errors are superposed, This assumption could not remain valid over a period of time if,
for example, errors grow most rapidly when superposed upon the most intense fields of motion,

V. The future outlook

It 1s apparent, then, that we cannot yet say how far into the future we may ultimately
predict the weather, but it i1s equally apparent that we know where to proceed in order to
advance our knowledge. For one thing, we nead a mathematical model with more realistic
statistical assumptiona than those s0 far used., 8teps in this direction have ulready been

teken by Kraichnan (1969). Qualitatively, at least, his results ssem to confirm those based
upon the simpler assumptions.
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Perhaps our greatest immediate need is for a more definitive estimate of the spectrum
of atmospheric energy. The often-quoted spectrum of Van der Hovenm (1957) shows a pronounced
spectral gap, but it is a time~spectrum rather than a space-spectrum, and it is based only
upon observations in the lowest hundred meters, Observations which would yield the high-

frequency end of the spectrum in the free atmosphere do not yet seem to be sufficiently
abundant.

A nucber of recent studies (e.g., Wiin-Nielsen 1967) suggest that from a peak at a wave
length of perhaps 5000 kilometers, the energy spectrum falls off at a rate close to the -3
power law, at least down to 2000 kilometers or lesa, B8uch a drop-0ff cannot continue inde-
finitely, since there would theun be virtually no cumulus activity; however, assignment of
a reasonable amount of energy to the cumulus scales produces a spectral gap. Thus the con-
tamination of the forecast by errors initially confined to the smaller scales mey well
require considerably longer than the time indicated in our theoretical study. Pending
further confirmation, we may still visualize the day when the positions of migratory cyclones
and anticyclones may be predicted t=n days or so in advance, rather than the four or f{ive
days which our study has suggested,

It has often been stated that one could in principle study the effects of the emaller
scales of motion numerically, simply by using such an enormous network of points that the
smaller scales would be resolved, It is generally added that such a procedure would require
a prohibitive amount of computation, and would, furthermore, be ridiculously wasteful,
because only the statistical properties of the smaller scales are of true interest., Be that
as it may, I should like to see a numerical experiment performed, =t least ir two dimensions,
with an enormous network of pcints., Perhapa we shall never see a grid of a million by a
million points, but a thousand by a thousand should be easily handled within a few years.
The procedure could bLe identical to the one which Lilly (1968) has already carried out with
a 64 by 64 grid, A few runs with slightly differing initia) conditions would suffice, I
believe that such an experiment would not only be helpful in establishing the validity, or
invalidity, of some of the statistical assumpticns appearing irn current studies, but that
it might well reveal some unexpected new properties of the growth of errors,
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THE CQMPUTER'S ROLE IN WEATHER FORECASTING

Williem HB. Klein
Techniques Development Laboratory
Weather Bureau, ES3A
Silver Sprirg, Maryland

ABSTRACT

The history, present status, and future prospects of camputer ' ather prediction
by means of both numerical and statistical methods are discusscd. Three
statistical techniques -~ the classical, perfect prog, end imperfect prog methods
are illustrated, and & suggestion for combining them is made. The first method
is purely statiatical since it flows directly from initial conditicas to a
forecast for some leter time., The second method derives the weatler as &
function of the concurrent circulatjion, but applies its forecasi relstions to
numerical prognostic charts vhich simulate the observed circulatior., The third
method goes directly fram the numerical forecast to the predicted weader.

A distinction is drewn between computer forecasting at a large weather center
and a small field office. At the former, the concept of the man-machine mix is
expected to be replaced by complete autamation by the end of the 1970's. At the
latter, camputer data links and time sharing should become increasingly important
as forecaster aids during the next two decades.

Y. Introduction

The role of the electronic computer in weather forecasting is undergoing rapid evolution.
Perhaps its future can best be understood in terms of historical perspective. I shall there-
fore discuss the camputer's role in three time frames: the past, the present, and the
future. My discussion will be limited primarily to the ESSA Weather Bureau in the United
States; military and foreign weather services will not be considered, except indirectly. Of
course, the opinions tc be expressed here sre strictly my own and not the official viewpoint
of the Weather Bureau.

II. Past

8. Numerical Methods. The first electroric digitel computers were developed at the end of
World War II, and their great potential for mumerical (dynamical) veather prediction was soon
recognized. in 1946 a now-famous research group was established to study computer applica-
Lions at the Institute for Advenced Study in Princeton, New Jersey. RNumerical calculations
from real initial conditions_were successfully prcduced by the group for the first time in
1950 [Charncy et al., 1950_7. The results were so promising that the Joint Numerical
Weather Prediction Unit (JNWP) was established by the Air Force, Navy, and Weather Bureau in
Washington, D. C., in 195k, and routine numerical forecasts were started a year later.

During the next few years computer forecasts were prepared by JWP on s daily basis, but they
were not sufficiently realistic or timely to have much operetional impact. All official
forecasts issued by the National Weather Amalysis Center (NAWAC) vere still prepared
subjectively by experienced forecasters, and the muerical products were used merely as aide.

In the second half of the 1950's rapid progress was made by JRWP in cowputer technology,
eutomatic data processing, objective map avalysis, and hemispheric barotropic forecasting.

By 1959 automated predictions of the 500-mb circulation were, for the first time, timely
enough to meet forecast deadlipes and accurate encugh t0 be transmitted directly to the field,
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untouched by human hands. The computer was now in the business of real-time forecesting,
although to a limited extent, at the National Meteorological Center (MMC) in Suttland,
Maryland.*

The next major advance in operational numerical weather prediction wes implementation of the
three-level filtered baroclinic model at MMC in June of 1962 [Cresamn, 19617. Not only
did this model improve forecasts of geopotential height at 500 mb, but also it produced
acceptable height forecasts at other levels; i.e., 850 and 200mb, directly, and 700 and

30C mb, indirectly. Furthermore, it provided forecasts of additional elements, such as
temperature and vertical velocity. By 1964 the computer was meking official forecasts for
the free atmosphere and guidance forecasts for both 1000-mb height /Reed, 1963/ and
quantitative precipitation / Younxin et al., 1365 7. -

The three-level model remained operaticnal et NMC for four years until it was replaced by the
six-layer primitive equation baroclinic model in June 1966 / Shuman and Hovermale, 1968j.
This PE model was a significant step forward because it produced prognostic maps of sea level
pressure and boundary-layer conditions, in asddition to improving the forecusts of wind and
temperature at constant-pressure levels (made by the three-level model). Subsequent refine-
ment of the model through incorporation of additional physical effects has resulted in better
forecasts of precipitation, humidity, stability, and cioudiness by NMC. 1In addition, the PE
forecast period has been extended from 36 to 48 hours on a routine basis.

b. Statistical Methods. wWhile rapid progress was thus being made in numerical weather
prediction, important advances were also taking place in the field of stetistical weather
forecasting. In fact, the computer proved to be almost as great a boon %o statistical
weather forecasting as it had beer 10 numerical weather prediction., JIts potential was firat
exploited by Malone and Miller at MIT during the middle 1950's [Sellers, 1956] and shortly
thereafter by others in the Air Force, the Travelers Corp., and the Weather Bureau. Numerous
sophisticated techniques, not previously feasible, were adapted or developed for computer
application including crthogonal pclynomials, screening regression, multiple discriminant
analysis, and regression estimation of event probabilities (REEP). However, despite early
enthusiasm, the fmpact of purely (classical) statlstical methods upon weather forecasting has
been slight. 1In fact, to the bYest of my knowledge the only computer technique of this type
vhich is still operational is the NHC-67 method for forecasting hurricane motion by
screening regression / Miller et al., 1968_7.

A more promising avenue has been the combination of statistical end numerical prediction.
About ten years ago 1 used the screening program to derive multiple regression equations for
5-day mean temperature as a funstion of the 700-mb circulation, and these equations heve been
applied operationally to numerical prognostic heights continuously since that time. Similar
objective wethods for sea-level pressure, S5-dey precipitation, &nd daily maxipum &nd minimum
Lemp&;&t\ﬂ'es heve been used as guidan:e by forecasters at NMC for the past five years [Klein,
1955 7.

s. Numerical. At the present time IMC 41s dominated by the philoscophy of the "man-machine
mix. This weans that certain computer forecasts, such as those for wind and temperature in
the free atmosphere, are transmitted directly over rfacsimile and teletype; while others;
e.g., quantitative precipitation and S-day forecasis, are first modified or massaged by
experienced forecasters at NMC before being 1ssued to the field. S5till other forecast
products, such as sea-level pressure :nd maximum-minimum temperatures, are sent out in both
modified and unmodified form. The consideration used to determine how a new product will be
transmitted is whether the amount of improvement cbtained manuelly warrants the extrs time
reguired to modify the machine product. The criterion 1s primarily one of accuracy versus
time; the important factor of relative cost has thus far been lsrgely neglected.

The increasing accuracy of numerical weather prediction and the cost-conscious clim .e in
which we now live are combining to increase the number of purely automated forecasts and to
decrease the number of manual products. For example, steps are being taken to eliminate
N4C's manval modification of cowputer forecasts of maximum and minimum surface temperatures.

*A good description of the firat ten yecars of operstional numerical weather predictiocn
was published by Cressman [1965_/7
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Also, an experiment in teletype transmission of S-hourly PE forecasts in digital form is
being expanded from eight to about fifty cities. Fipally, a plan to run the PE model out to

about 120 hours on a daily basis should make possible preparation of largely automated 5-day
forecasts each day.

IMC is taking several steps to improve its numerical product. The single layer of moisture
from about 1000 to 450 mb now carried in the PE model is slated to be replaced by three
separate moisture layers in the immediate future, Increasing utilization of indirect
soundings from satellite infre-red spectrometers (SIRS) should improve the initial analysis,
especially in data-sparse areas. Fioally, FNMC plans to extend the grid of the FE model to
the equator and decrease the mesh length {by about 60 percent) to two degrees of latitude
during the coming year. If these changes result in further improvement, perhaps it will no
longer be advantageous for experienced forecasters to wodify the PE predictions of sea-level
Pressure and precipitation before transmittal to the field.

b. Statistical Methods. Despite the great advances in computer prediction achieved by
mmerical methods during the past decade, certain weather forecasts, such as vieibility or
Probability of precipitation, still require application of statistics. As I see it, there
are three basic methods of statistical forecasting by means of computers:

(1) Classical - The first or classical method is self-contained since it merely requires
initial conditions, based on observation or apalysis, to give a forecast for some later time.
It has been used for many years to produce numercus scatter diagrams and local objective aids
E.g., George et al,, 1960_7. A more recent and sophisticated example is shown in figure 1,
an equation derived by the REEP techmnique [Enger et al., 19614_7 for forecasting the
visibility at Baltimore three hours in advance, based on ten years ot hourly airways observa-
tions at a petwork of surrounding cities including Martinsburg, Washington, and Philadelphia.
The predictors are spe~ifi:1 in binary (yes-no) form for certain classes of visibility,
relative humidity, and other surface weather elemepts, and the answer here ig given ipn terms
of the probadility of the visibllity being in the first of five categories; i.e., less than
or equal to 3/8th of a mile. The reduction of variance for this category is only 32 percent
and no term contributes as much as 10 percent to the forecast probability, except local
persistence (x2) which contributes 4l percent.

Although useful for short-period forecasting, the classical method is purely statistical
since it takes no account of prognostic maps. For this reason it is declining in popularity
apd is of only limited potential.

(2) Peifect Prog - The second computerized statisticel technique has been called the
"perfect prog’ method. Like the first method, it utilizes a long period of observed
historical data to develop the desired forecasting relationships, but these relations are
derived on a concurreni,; rather than a lag, basis. For example, figure 2 shows & multiple
regression equation derived by screening ten winters of data for an index of present weather
(clear, cloudy, or precipitation) in northern California as a function of the departure from
normal of aeveral simultaneous 700-mb heights, whose locations are plotted as squares
[}Elein, et al., 19657. The equaticp explains 51 percent of the veriance and illustrates
the vell-known fact that wet weather in California in winter is associated with southwesterly
flow from a deep trough Jjust offshore; conversely, fair weather is accompanied by north-
easterly flow around a strong ridge.

To use such an equation for making a forecast, one must apply it to a prognostic 700-mb
chart, usually prodivced pumerically. Errors in the numerical prog will inevitebly produce
corresponding errors in the statistical forecast, which depends on &an equation derived from
observed maps; i.e., perfect progs. However, the statistical prediction will improve each
time the numerical model improves, and this has actually happened to S-day mean temperature
forecasts at RMC during the past decade. The main advantage of this method is that it is
besed on a long period of record, s0 that stable forecasting relations can be derived for
individual locations and seasons once and for all. For this reason it 1s probably the most
camonly used statistical forecasting scheme at the present time.

(3) Imperfect Prog - For lack of a better name, I shall call the third computerized
statistical technique the "impertfect prog" method. Like the second method, 1t derives its
forecasting relations on & ccpcurrent or simultaneocus basis. However, instead of a long
period of observed data, the developmental sample now comprises a short period of
prognostic date produced directly by mumerical predictions. A good example is illustrated
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in figure 3 [U. S, Dept. of Comperce, 1969_7, which gives the frequency of precipitation in
ten cities of the Weather Bureau's Southern Region as & function of the 700-mb relative
humidity (on the left) and the 12-hour pet verticsl displacement of air percels (on the
right), both forecast 24 hours in advance by a three-dimensional trajectory technique

REEP TECHNIQUE
(Regression Estimation of Event Probabilities)

Sample Prediction Equetion for Baltir - 3-Howr Visibility

Ceill Visibility
Limits l;\; Limits R\}'
Cetegory (Feet) {Miles)
TEO— < 100 |28 g 3/8 132
P 200 - W00 [25] 172 - 1-3/8
3 500 - @00 | 2611-1/2 - 2-1/?2 |17
1 1000 - 2900 130 3-k 21
S 2 3000 25

B, = .02 - .0IX) + Ll X, + .0].)(3 - 03K, + .0lXg + .0lXg - 00X7

. .0 e . . =.01X
+ OTXg + -09Kg 36
P. = Conditional Probability of Category 1 VIS

Lol
—
"

BAL VIS 2 5 miles

X, = BAL VIS ¢ 3/8 mile

X3 = MRB VIS 25 miles

X, = BAL VIS 1/2 - 1-3/8 mile
X5 = BAL VIS 5 miles

X = BAL VIS 1-1/2 - 2-1/2 miles
Xy = DCA RLE < 80f

Xg = DCA RLH 2 9%

X, = MRB VIS % 3/6 mile

X36 = PEL RLB 81-90%

Figure 1. Portion of multiple regression equation for forecasting the probability (P ) that
Baltimore’s visibility 3 hours in advance will be lesc than or equel to 3/éths of
8 mile (Category 1). The box gives the class limite for five categorles of
ceiling and five categories of visibility, and a separate regression equation is
derived for each category. The reduction of variance (RV) for each equation is
given following the predictand class limit.
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Pigure 2. Multiple regression equation for specifying the weather index (W) in circle mmber
39 (located by circle) during the winter as & function of the concurrent 700-mbd
height anamaly (H in tens of feet) at indicated points.

: 700 MB. TRAJECTORY FOREZCASTS
| DECEMBER 18 - JANUARY 9,1969
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n
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Pigure 3. Grsphical relationship detween probability of precipitation at 10 cities in the WB
Southern Region and two TOO-mb parameters predicted 24 hours in advance by the TDL
3-dimensionsl trajectory technique.
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developed in the Techniques Development lavoratory / Reap, 1968 / and now operatiomsl at RMC.
Although based on only a short period of record, from December 13, 1963 to Jamuary 9, 1

the graphs can be useful in helping field forecasters translate computer predicticns 1nto
surface weather. Especially notevorthy is the sharp increase in precipitation probability
88 the vertical displacement changes from dovnward to upwerd motion.

A computerized application of the imperfect prog concept is illuetrated in figure &,
vhich gives the probebility of precipitation (PoP) during & twelve-hour period "today" :I.n
wvinter as & function of saturation deficite (S ) and sea-~level pressure (SIP) predicted by
the Sub-Synoptic Advection Model (SAM) [-blnhn et al,, 1969 7, as well as precipitation
amounts and mean relative humidities predicted by the PE model. The forecast equation
contains twelve terms in binary fom and explains about half the variance / Lowry, 1965 /.
Since it was derived directly from the cutput of mmerical models vhich have been operatiomal
for only & short time, it was generalized by combining data fram 79 cities in the easterm
half of the United States. Not only does this procedure neglect local effects, but also it
requires the equations to be rederived or upiated every time the numerical model changes.

On the other hand, this method automatically takes account of model bias and can include
predictors not availsble to the perfect prog method such as vertical velocity and boundary

layer temperature. Despite its drawbacks, forecasts of probability of precipitation produced
operaticmally by equations like that illustrated in figure 4 have been rompetitive with the

PROBABILITY OF PRECIPITATION

12-hr PoP 1200-0000Z:

Cumulative
Contribution Reduction
Predictoer to PoP (%) of Variance
1) Conatant L2.67
2) SAM Sd. < 0 at 182 10.73 3606
3) PE 12 hr. precipitation < .05 -7.675 33
at 002
L) SAM S < 75 at 212 10.19 4529
S) SAM Sq4 = -5 at 167 12.68 11669
6) PE mean relative humidity <= 70% -5.329 4761
at 182
73 PE 12 hr. preclpitation < ,20 -12.97 L4817
at 00Z
8) SAM SLP =< 1015 at 182 6.439 4863
9) SAM Sy =< L5 =t 15Z 8.633 4889
10) PE mean relative humidity =< 90% -7.354 4912
at 002
11) SAM 84 = -15 at 152 8.616 4928
12) PE 12 hr precipitation = O at 00Z -6,422 4937

Figure 4. Components of multiple regression equation used to predict the probability of
precipitation (PoP) between 1200Z and OOO0Z in the easterm balf of the United
States in winter from SAM and PE predictors,
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best subjective forecasts. This 18 illustmted by figure 5 which compares SAM (solid) and
local forecast (dashed) scores at eleven cities during the past ten months (3022 cases).

The two sets of scores show similAr seasonal trend, with only minor monthly differences.
Since low scores are desirable, the overall averages in the lower right indicate that the
computex PoP forecasts bave been equal or slightly superior to the official forecasts iseued
to the public by Weather Bureau local offices, In vievw of this result, the Techniques
Development Laboratory has recently embarked upoa an ambitiocus new project to expund this
approach to 254 cities in all 50 States for periods from 12 to GO hours in advance, utilizing
nurerical input from both the FE model ard the TDL three-dimensional trajectory model.

.20

POP BRIER SCORES

—5AM
-——-LOCAL

AL

1)

05

10 MONTH AVERAGE
SAM 0974
LOCAL .1010

1968 1969
TTUTAUG SEPOCY NOV DEC JAN FEE MAR APR WAY JUN

Figure 5. Comparative verification for forecasts of probability of precipitation (PoP)

prepared bty the SAM method and issued by local Weather Bureau offices at 11 cities
in the eastern United States each month from July 1963 through April 1969.

The difference between the three statistical methods is illustreted in schematic fom in
figure 6. The classical method simply flows directly from the data observed today to fore-
casts of the weather for tomorrow. The perfect prog method is more complicated since 1t
derives the veather tomorrow as a function of tomorrow's circulation, as shown by the solid
arrov, but applies its forecast relations Lo numerical prognostic charte which simulate the
observed circulation, as shown by the dashed arrow. The imperfect prog method 18 relatively
simple since it goes directly from the numerical forecast to the predicted weatler,
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THREE METHODS OF
STATISTICAL WEATHER FORECASTING:

OBSERVED OBSERVED
DATA CIRCULATION
TODAY TOMORROW
PERFECT
ME$SSD NUMERICAL
D PROGS
( TOMORROW
CLASSICAL |
STATISTICAL |
METHOD ' IMPERFECT
PROG
: METHOD
{
AN
~ FORECASY
WEATHER
TONMORROW

Pigure 6. Schematic diagram illustrating three basic methods or staiistical weather
prediction.

Of course tne three statisticel methods described above are not mutumlly exclusive. The
first two can be cambined by utilizing as predictcrs of tomorrow's weather both surface
weather elements observed today und upper air features for tomorrow which are observed in the
derivetion but predicted numericelly in the application. This 1s essentially what is doune
today in preparing the NMC automated forecasts of maxdim &nd minimum tempereture, which are
localized on the basis of 18 years of record at 131 different cities [Klein et al., 1967_7.
It should be possible to improve these forecasts by uging them &s predictors in the third
method, along with such numericel products &5 boundary-layer temperature and wind, mean
relative humidity, surface temperature and dev point, stability, etc. Even though the
resulting equatica would have o be generalized because of rwsll sample size, the forecasts
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may well prove wore accurate then those obtainad fram either the perfect or imperfect prog
methods taken slone.

V. Future

&. Weather Centyral., Now for a drief lcok into the future. On the basis of perscasl experi-
ence {xn the Extended Forecast Division, i ad reluctant to make & long-range forecaet about
the computer's role in forecasting in the 1970's. Nevertheless, in view of the promising
resulte obtained thus far and the strong endorsements given by the field, it would appear
that some form of the imperfect prog method (perhaps in conjunction with the classical and
perfect prog methods) will be the most popular statistical technique run on computers in the
future. It will probably be extended to mapy additiopal weather elements including ceiling,
vieibility, sky cover, temperature, wind, humidity, and severe local storms. After a few
years of data have been accumulated, it should be possible to derive reliable equations for
individual stations, as well as large regions. The method can be applied most efficiently
on large computers at & central location as an adjunct to the numerical prediction iltself.
Thus I foresee the day in the not too distant future when this tyme of cambined statistical-

mmerical output will provide accurate guidance to the field for nearly all surface weather
elexents.

What then will happen to the man-machine mix at NMC? I believe 1t will prove to be too
expensive, too tlow, and too subjective for the requirements of the 1970's. I think it wiil
graduslly vither away and be replaced by a completely automated system, producing improved
numerical as well as statistical forecasts. These forecasts will probably be based on fine-
scale, btoundary-layer numerical models, as well as large-scale, hemispheric and global ones.

b. Field Offices. Although I visualize no room for the humen forecaster in the weather
central of the 1970's, I believe he will still pley an important role at regionzal weather
centers and state forecast offices. Here he may tailor same of the centralized computer
forecasts to local conditions or update them on the basis of data not available to the
cosputer becaus:s of their late receipt or localized nature, For the most part, however, he
will accept the computer forecasts without change and will devote his attention Lo elemerts,
areas, and time periods not included in tre guidance he receives from the ceniral office.
For example, the field forecaster may be asked to supply detailed information about a
meso~3cale sea breeze or mountain wind a few hours before onset, or ae msy be called upon to
predict snov accumulation in different porticns of a large metropolitan area when & storm
eppears iominent. Much of his time will be speut on weatber watch an'! warnings, and hire
main respousibility will be to keep the shorl period forecast in line with the latest
observation.

To help with these tasks, the field forecaster will probably have some computer capability
available in his local office. This statement does unot necessarily mean & field computer,
but rather implies same form of remote terminal linked to & large centra.. computer by
telephone or facsimile lines. Another likely possibility is oxtensive us2 of cormerical
time-sharing, such B2 now being testea by the Weather Bureau for automatic camputation of
rawinsoude observations.

local camputer capability will assist the field forecaster in many ways. I=s functions may
include calcuiation of local objective forecast aids, monltoring of forecasts for consistency
and accuracy, plotting and analysis of housrly observations for limited areas, verification of
subjective and objective forecasts, camposition of forecasts and warnings, plotting of
radiosonde ascents, and dissemination of forecasts and briefings.

In all these activities the computer will prove to be iavaluable to the field forecaster,
but it will still be mostly an aid. In other words, the conccpt of the "man-mechine mix"
will probably predominate at local forecast offices throughout the 1970's. Complete
sutomation of weather forecasting, even on the local level, will be a later step, and I do
not look for its attainment until the decade of the 1980's at the earliest. By the tum of
the century, hovever, all aspects of weather forecasting should be autometed, and the long
evolution fnu Bubjective to objective forecesting will be coampleted.

%#Glahn et al. [1969_7 have recenlly suggested the acronym MOS or Model Qutput Statistics for
the imperfect prog method since it matches the output of numerical models with observations
and ther computes regression equations,
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THE ROLE OF THE MAN IN WEATHER FORECASTING

J. J. George
Esstern Air Lines, Inc.

For much of last winter, we had in our company a high level staff meeting sbout once & month
which I was required to attend.

h All of us in this business of weather forecasting are accustomed to being on the receiving end
of good natured comments, sometimes reanging into rather vicious barbs. Prior to the start of
one of these meetings one of our senlor vice presidents in a rather public manner said some-
thing t© me like the following: "You have got the biggest racrket I know of -- whea you miss

a forecast, you simply say, 'l missed ic¢' end that is all there 18 to it. I don't know anyone
else vho has a racket that good."

Like weny people, I am one of those types who think of the proper answer in situations of this
; kind on the way home, rather than when I need it. On that particular day, the test I could do
‘ was Just answer thet everybody had to have a racket of some kind and let it go at that.

KL

At the next staff meeting, however, I brought the matter up again Ly asking my friend, the V. P.
1 making decisions was no. one of his wajor duties. He being a very cagey feliow said: "Well,
¢ was iovolved all rignt,"” and after some pressing he agreed that decision meking was of some

importance; hovever, he wen: on to say that when he made a decision, he waited until all of

the obtainable facts bearing cn the matter vere laid out so that he had the best possible basis
upoh which to wake the decisinn. I then asked what percentage of time he felt that the
decisions he made were accurate and the best one that could be made. Again he refused to make
an estimate 80 I asked him if he felt that he made better than SC per cent of his decisions
accuretely and he agreed thut he felt he did. I said, how about 100 per cent? iell, no --

80 he finally settled for acmevhere abave 50 but less than 100 per cent.

LTI TR T < Y

Fram this point, I went on to draw the simjlarity between the proper use of a weather forecast
and the cridinary role of making decisions in a business venture. In reality they are one and
the pame thing. A weather forecast, if it is not to be used to help in making a more accurate
decision is cnly a scrap of paper or a few words that are meaningless. Furthermore, in making
a veather forecast, it 1s often necessary to delay its final issuance until certain supporting
materials and facts are available. Just as in any business decision one must wait until the
facts are 1a.

AL e

Some of the decisions that are mide in seronautices are made almost wholly upon the product of

computers, but these are, I am swre greatly in the minority. The point I went to make is that

the man in the equation -- in this case the Met ecrologist -- can, and should eid and share in
: the making of the cperating decislon even if the forecast is entirely the product of a machine
H and is couched perhaps in terms of wathematical probability.

1 think that the main danger that ve are encountering in Meteorology Computer use is that ve
tend to btecame oversold on what computers are able tc do. Off hand, I can think of no facet
of human experienze that has come aleng quite 8o explosively es this one hag. When this
happens, the people who are engsged in this area, in this case cowputers, generate so much
enthusiasm and momemtum that they tead to carry along the rest of us further and faster then
! we ghould really go.

In Burron's Weekly recently, Charles P, lecht, President of Advanced Camputer Techniques
Corporation, was qucted as follows: ‘Whenever I am told today about what's been or being done
vith camputer systems, great waves of slepticism well up in me.” 1 think this statement is
extresely important for two reasons: {1) 48 that the man is in a position peculiarily vell
sulted to make the judgment properly and (2) is that is 1s something that is seldom questioned
by the non-comgputer types. I believe wiat he is saying is that many times we tead to program
and wse & camputer when we really would rind that using the man was more efficient and
cheaper.
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In Meteorology, we have made some remarkable strides in the use of equations for solving
numerically the basic behavior and pattern development of global weather., Without the
computer it seems unlikely that man could ever have attained this advanced use of dats.

Once the Meteorologist is given the numerical patterns in the future, however, he then must
at least for now, assume the responsibilities for the development of the actual pattern of
weather thst will be associated with the numerical distribution involved. It does not seem
to me now that this process can effectively be assumed by machineg in the near future, but on
the other hand 1t would be folly not to recognize that some day it can apd will be done. I
think someone should be planning for this day so that we do not too abruptly terminate or
greatly distort the cereers and treining of an appreciable number of highly educated people.
For after all let us not forget that in the final analysis it is human beings vwho are of
paramount importance not mere machines.

We have been seeing this process work in alrline meteorology; sc I feel somewhat qualified to
spesk to the question. A few years ago tne five largest United Stetes Flag Carriers employed
some 235 Meteorologists. Today, that figure is about 172, a 27 per cent decrease. This has
been brought atout by better and more extensive cormunications, making 1t possible for one
Meteorologist to take care of & much wider area than before; centralization has been the rule
and this promotes more efficient use ¢f manpower, tut neither can we neglect the role that
the computer plays in this retrenchment. For exsmple it is possible and is now being done
for airlines to obtain computer to computér hookups with the central United States product of
wind and temperature throughout the northern hemisphere and sc prepare detailed flight plans
for vherever they are needed., Tomorrow, this information will be world wide. Obvicusly the
role of man has become that of wmonitor rather than creator and this tekes a fewer number of
people by a considerable amount.

I suppose I should mention, but there is no need to dwell on, the role of computers in the
actual drawing of weather maps and progmostic charts. You are all aware of thess develop-
ments and many are much mcre familiar than I with this field. Nevertheless, it zoes into the
whole consideration of the shrinking world of the Meteorologist, for not only can the machine
do this job better in many cases than can man, it car do it from one central facility and by
modern communications issue the product wherever it may be needed. Obviously a large nuaber
of Meteorologists who formerly had to do this work in the field, need no longer to do so. I
suppoée the polite phrase is that they are 'freed for more important efforts” aod in lots of
cases this must be true. But there ia also & proportion of Meteorclogiets who are not needed
for "more important jobs',

TP

As time moves on, we will certainly refine computer techniques and pour more and more data
into the greedy mawe of machines. We will find then that we must interrelate various programe
to produce an integrated world product. It is in this field in the next two decades that I
believe the Meizorologist will meke his greatest contributions.

Consider the impact of the new observetional programs for & moment, such as constant level
btalloons reporting througn saleilite communicaetions and the actusl gatnering of data from
satellites themselves, the use of automatic marine weather reporting stations and the expan-
sion of upper air sounding stations particularly in the southern hemisphere vhere they are
most needed and the advent of rocket sondes. Ve have not even begun to utilize properly
pilot weather reports, and I am certain that there will be other developments producing this
type of information which we do nut even dream of at present.

It 1s completely unthinksble that this mess of information could ever be utilized on a global
basis or even a natio.aal basis without the moat sophisticated machine methods. I think you
wvill ezree, however, that the task of integrating and utilizing these vast new sources of
data 18 & formidable one ard will require large numbers of highly specialized Meteorologists
which may, and probably will, more than compensate for the shrinkage of some of owr present
tasks. Thie simply means that we must plan for the treansition so that our Meteorologists can
be cross-trajned for these new jobs as well as making room for the endoctrinatiom of meny new
people.

To get back to the more mundane side of present day Meteorology, I can think of three areas
vhere man will be pecessary for e long time to come.
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1. Weather Forecasting Itself. Even though we may have a computer-produced probability
forecast, the interpretation of a human forecaster and his aild in using this tool to make
proper decisions will long be necessary. Furthermore, there ere many arees in weather fore-
casting that sre not amenable to computer programuing as we know it today. Some examples
might be in the forecasting of local weather and the evaluation of the effect of air trajec-
tories and the weather along them upon these forecasts. 1 am sure that such examples will
come to mind for all of us in almost every phase of westher forecasting.

2, I think there will be unexpecited fall outs recuiring the attention of human fore-
cagters. As an exsmple, we are headed in the airline industry toward what we call Category
III landings and take off which involves visibilities apprcaching 2ero. To attain the
operatious et this leva) 1&¢ an extremely expensive procedure requiring very scphisticeted and
expensive hardvare and e.ctremely costly training of air crews. In my opinion, a better way
would be to develc - -eans of dissipating low visibility due to fog by artificial means.
Presently this appe:.s to be possible but the means are crude and restrictive; however, this
will inevitably be improved and refined and when it 1s, I believe that a Meteorologist will
be required to determine when and where preparations for use of this tool should be made and
guide its epplication.

3. Forecast Research. Although computers may be used as a potent tool in this field,
the basic job hes got to be and will continue to belong to man. Let me show you some slides
of practical foreceast development techniques that will illustrate my point. I think it is
quite possible that such fcerecasting techniques may be more and more slanted for use in com-
puters apd I will point out how this might be done at least partially in these two specific
examples I will show. Although these examples happen to be produced by my organizaticn, all
of you can produce your owun.

1 can sunmarize vhat I have said about like this:

The basic role of the Meteorologiat must always be to aid in the making ¢f operational
decisions of some kind. This will be true until 100 per cent perfect forecastis are possible,
and I do not expect tnat any of us here will live to see that day.

I think that the utilization of Metecrologists is changing rapidly in this periocd and
that the traditional and current jobe that Meteorologistu periorm are being shrunken by
machive and comminication techniques; but on the brightey side, 1 believe thet these very
sane techniques generate such a plethora of new data end methods that the new generation of
Meteorologists will be relatively more nurerous then those in the past., As & correlary, 1
think that all large Metecrology organizations saoould make careful and thorough plans to
utilize and to cross-train present Meteorologists for this new age ard not weit until we have
‘o make 8 cragsh program utilizing people who are not specialdists in this field for jobs ip
which a Metecorologist would be most needed.
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THE MAN-MACHINE MIX IN APPLIED WEATHER FORECASTING IN THE 1970S

By

L, W, Snellman
U, S, Weather Bureau

ABSTRACT

Significant improvement in some phases of operational forecasting over the past

several years is demonstrated and is attributed to the transition from a totally

manual to a "man-machine mix' operation, This is used as the departure point in

discussing expected changes in current forecasting practice over the next several

years, The "man-machine mix'" has been replaced by a machine product only if the

quality of this end product is comparable or better than the "man-machine mix"

product., The number of machine-procduced products which are directly suitable for

users is rather limited, and it is difficult to see how this number will increase : .
significantly in the next several years. Therefore, the conclusion is reached .

that while most centrally prepared forecast guidance for field forecasters may

soon be a purely machine product, man will provide an important input into im- *

proved weather services in the preparation of short-period general public fore-
casts, specialized user forecasts, and warnings, This conclusion is discussed in
light of recent atmospheric predictability studies and the lack of success to date
of machine aviation terminal forecasting.

I. INTRODUCTION

It is a privilege and a pleasure to be present at this distinguished AWS Conference, I spent
many wonderful vears with AWS, and it is good to renew acquaintances and friendships here.

In approaching this very challenging topic of man-machine mix, I decided to touch base with

ny counterparts in other regions of the Weather Bureau* as well as with Mr, Charles Roberts

at Weather Bureau Headquarters and Mr. Beckwith of United Airlines, I was pleasantly sur-
prised to see the more or less unanimity of opinion of their ideas of the role of man and
machine in applied . cather forecasting in the 1970s, The surprise was pleasant because their
ideas were in close consonance with mine, However, the views expressed in this paper are mine
and should not be considered as representing Weather Bureau policy,

To explore these ideas, I shall take a somewhat similar approach to Dr, Klein in looking back
btriefly into history to show the effects of machines (computers) on applied weather forecast-

ing. From this history we can glean some ideas on which te base a projection of operations in
the 1970s.

II. PREPARATION OF A FORECAST

Preparation of applied weather forecasts went through a large change during the 1960s., At the
beginning of this decade, forecast preparation was mainly a one~man effort, with inost fore-
casters using the analytic rather than prognostic NMC facsimile output., As prognostic charts
from the computer improved, forecasters gradually shifted their attention to prognostic charts,
Today the final forecast is the result of a team effort of the National Meteorclogical Center
and field forecaster, Since a large percentage of present prognostic guidance from NMC is a
man-machine mix product, we can represent today's applied forecast procedure as:

(Man)2 + Machine = Final Forecast.

*Responses from the regions came from Mr, Carlstead in Hawaii, Dr, Diemer in Alaska, and
Mr, Dunn in New York.
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It might be better to change the plus sign tc a times sign to give the machine term due weight.
But the important point here is that the finsl weether forecast of today is prepared manually,
based to & large extent on man-machine-mix centralized guidance material,

Certainly this team, consisting of a major forecast center (i.e., NMC) and the local station,
will continue te be the combination that produces our weather service throughout most, if not
all, of the 1970s, Figure 1 attempts to give 2 graphic summarization of this conclusion,

111, CONTRIBUTION OF COMPUIERS TO APPLIED WEATHER FORECASTING

The computer made strong inroads into this tecam operation with the establishment of JNWP in
1954, TPigure 2 summarizes the change from 2 purely manual team operation to today's man-
machine mix, It really wasn“t until after automatic data processing (ADP) became operational
in 1958 that the computer had ch impact on the operational forecast, By the advent of 1969
both upper-air analyses and prognoses issued by NMC were largely computer-produced, with the
main manual production being sucface analysis and prediction and "weather forecast guidance.

Machine techniques are not yet being used in field forecast offices to any significant extent,
i,e., € 10%., Two of the mzjor drawbacks to more automated fieid operations at present are
economic limitations and lack of appropriate automated techniques., However, there are tests
now under way and plans on the drawing board, some of which were discussed by earlier speakers,
which suggest that this situation will change rather soon; and I shall speak to this point
later., Nounetheless, incorporating the machine into centralized operational forecasting proce-
dures during the 1960s significantly increased the quality of forecasts issued by local sta-
tions,

Figure 3 shows the dramatic improvement in accuracy after 1958 in NMC's man-machine mix 30-
hour surface prognostic charts, Prior to 1958 this NMC product was based on subjective tech-
niques and forecaster experience., Todav it is based largely on machine prognoses.

Figure 4 shows the improvement that NMC makes on the machine-produced P.E. surface prognostic
chart. The first point of interest is that greater improvements are made in summer than in
winter, and second is that mar's improvements are getiing fewer with time (i,e., as the
machine product improves).

Improvements in operational weather forecasts closely parallel improvements in NMC machine
and man-machine-mix weather guidance. Figure 5 shows the verification of local weather fore-
casts (temperature and precipitation) prepared routinely at Chicago from 1940 through 1968,
improvement after 1958 is related to operational ADP, after 1962 to Cressman's 3-L model,

and after 1966 to NMC's use of Shuman's operational P.E, model, Figure 6 shows the dramatic
reduction in gross maximum-temperature errors (3 10°) for tomorrow (essentially a 36-hour
forecast) at Salt Lake City. This reduction is attributed to use of NMC's machine and man-
machine-mix improved guidance,

Ap important point (o keep in mind, however, is that the man--especially the field fore-
caster--has been making a significant improvement over the temperature forecast guidance he
receives, Figures 7a and 7b give the latest data aveilable published by the Weather Bureau,
Note especially the higher percentage of large errors by NMC as compared to Western Region
local stations, These large forecast errors are most significant to the user, Figures 8a
and 8b show precipitation verification results for the same period, Note there is only a
slight improvement over NMC by local stations in the first 12-hour forecast period 1—3_7.

IV, TwWO TYPES OF MACHINE PRODUCTS

At this time we should distinguisl between the two types of computer products available;
namely, a final forecast ready for direct use, and a prognostic product that is used as
guidance in preparing the final forecast for a user. Present machine forecasts of upper
winds and temperatures are used directly by aviation users. Viewed from an aviation support
point of view, the computer makes this forecast and man is eliminated. However, viewed from
the public, fire weather, etc., support point of view, the computer has provided only guid-
ance for preparation of the final forecast, Thus computers are useful as forecasters per se
if, and only if, fixed programs give a forecast to the user in final form Zflg?. There are
very few computer-produced forecasts of this type at present, and 1 do not expect their
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number to increase significantly in the next five years.

The remaining computer output is termed guidance, To make this guidance useful involves one
or more of the following manual processes: putting the forecast in user language, integrat-
ing the guidance with information not available to the computer (i.,e., later data, local Jdaxs,
and small-scale analysis which take into account local orographic effscts), ':pdating and
detailing the forecast by use of radar observations, etc. Involved then ar¢e such manual tasks
as using guidance in preparing spot fire-weather forecasts, making weather forecasts for the
public, detailing areas of heavy-snow accumulation, determining time of arrival of squall
lines, defining local air-pollution potentials, etc., This 1ist is loug now, and it seems tc
me it will g2t longer in tvhe 1970s as improved applied weather forecasts result in increasing
application of meteorological predictions to tusiness and other activities. Reasoning along
these lines, it is then easy to expect that in the 70s all meteorclogical products emanating
from NMC or, in the case of AWS, the Global Weather Center will gradually become purely
machine products; but the final weather service will bc a man-machine mix with the man predom-
inating. This is depicted schematically in Figure 9,
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V. MAN-MACHINE MIX AT FIELD FORECAST OFFICE

|

Assuming that within the next five years NWP developments will result in approximately a
100" machine output of meteorological products by NMC, what will these products be, and what N
impact will they have on the man-machine-mix operatior in the field forecast office?

First, it seems logical to assume that global models using smaller mesh lengths or some type
of spherical harmonic analysis will be developed to improve the rzcurasy of present predic-
tions and to add more detail to flow patterns, Availability and operational use of SIRS and
IRIS satellite data, plannea fo: FY72, should supply data necessary to support these finer
mesh global NWP models (see Figure 10).

Second, as meteorological predictions improve with such models, the demands for weather ser- .
vice on field forecast offices will increase, These demands f¢r the most part will te for ;
forecasts of details and parameters that we are not likely to get from the computer; or if we 3
could get such forecasts from the computer, they are not likely to be timely, Also, using a

computer may not be an efricient way of performing this weather service, For example, it is

difficult for me to see how NMC computer products can handle the small-scaie short-period

forecast, including both routine and severe weather phenomena such as squall lines, heavy

snows, etc, Also, radar observationrs will certainly make manval input to such weather sevr-

vice important in the foreseeable future,

I think that there is evidence to support this point of ~iew in *the recent scudies of predict-
ability by Robtinson Z—QJ7 and Lorenz K 3;7 Weather phenomena have cha-accteristic scales or
dimensions in space and, similarly, they have typical periols and duration: in time, It turns
out that a large numper of the significant weather occuircences of importance to the public are
of a fairly small scale and relatively short duration. Th: squcll line vhat recently caused
so much trouble in Cleveland 1s a case in point.

It has been known for some time that smaller scale phenonmena are generally less predictable
than larger scale systems, and Rcbinson and lorenz have shown a rather direct relationship
between scale and predictability,

Figure 11 illustrates their general findings in the form a predictability diagram, The
ordinate -is forecszst period or length of the prediction, and the abscissa is the space scaie
which the forecast is to resolve. For scales and forecast periods lying helow and to the
right of the cross-hatched zone, theory suggests that detcrministic prediction is practical
in principle. The cross-hatched area lying above and let't of the zone contains periods and
scales which must be regarded as predictable only in a statistical cense,

The general pattern suggested is: c¢louds and precipitation produced by disturbances of the
order of 10 degrees latitude in wave length are predictable by deterministic methed:s for
periods up to 1 to 2 days in advance, The convective shower, representing a cell of very
heavy precipitation triggered by the larger disturbance, may be predicted deterministically
for periods up to 30 minutes and probabilistically for as long as the large-scale system can
be predicted,
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If the ebove analysis is correct, it is obvious that deterministic predictions of weather
elements and systems that are required for reliable local weather forecasting are limited in
time range,

Further it suggests that with the network data processed by the computer now and in the
future, and relatively limited capacity of computers expected to be available in the 70s, we
should not expect much help from NMC within the 6 - 12 hour forecast period, Our efforts
then should be directed, as advocated by Roberts Z-§;7, to having the local forecast office
develop conditional climatological studies relating computer-produced forecast parameters to
specific user problems. 1 think such conditirnal climatology studies are needed for general
public forecasts to take into account orographic effects in western United States, This
reasoning also applies to terminal forecasting. Attempts at automating aviation terminal
forecasts over the past ten years have been characterized by little or no success, and there
is nr ieason to believe that there will be much success in the next five years, As a matter
of fact, the Weather Bureau is considering curtailing efforts in this area because of the low
probability of success in the next several years / S_/.
The computer should be making some iuroads into station operations that will ircrease the
quality of weather service currently given, At a recent Weather Bureau conference, it was
suggested that we work toward linking several of the larger forecast offices to the computers
at NMC Z~6m7. With such a link, a station could request macnine plots of the latest data,
possibly every hour, for detailed analysis by station forecasters, or an evaluation of

several objective studies, the results of which could be fiashed to the local forecaster,

This latter capability could be an important step forward since there are many useful studies
avai'able, bt timewise it is impossible for a forecaster to evaluate them during preparation
of an operational forecast, Consequently, he uses only those studies that can be applied
quickly to phenomena that he has thought about., When the computer can compute all of the
studies for him, there is less chance that an important facet of the weather, such as canyon
winds, first snow of the season, etc., will be overlooked, Another important operation that
this computer link will permit is hourly screening of terminal forecas's. As each hour's

data come in, the computer can evaluate the unexpired portion of the existing terminal fore-
cases by use of conditiona. climatologies, and/or those few local terminal studies that may

be helpful to "red flag” those forecasts that may be going 'bad" in an hour or two. Such use
of the computer should provide more timely amendments and reverse the usual procedure of issu-
ing amendments after the forecast has "busted” rather than before.

As far as Weather Bureau operations go, message composition by use of a computer and CRT tube
certainly seems to be a strong possibility in the near future, There is a procedure whereby
you compose, revise, rearrange, etc,, a written meteorological release on a CRT tube; and

once you are satisfied with it, you pusl. a button and it is disseminated, This eliminates
using a typrwriter or preparing a transmission tape, I understand a test of this type of pro-
cedure was begun at Suitland early tiis July,

I think one of the big manual efforts in preparing final weather forecasts will come through
use of data from geostationary satellites, It seems reasonable to expect by the middle 1970s
that at least in larger Weather Bureau and AWS forecast offices we shall have what T call
Satellite "Instant Replay" capability, By this I mean the forecaster has satellite receiving
equipment which will permit him to study time-lapse movies of cloud changes in his area of
interest that have taken place over the past 3 to 24 hours, Thirs is similar to the opera-
tional film-loop technique being tested at NMC and NESC presently, and which is covered in
part by Mr, Oliver's presentation.

This opportunity of studying cloud changes in some detail in real time will be especially
heilpful in preparing short-range forecasts and will lead to a better understanding of exist-
ing conditions at the time the forecast is being prepared, This conclusion is based on my
bellef that shorte-range foracasting presently is more a diagnostic rather than pregnostic
problem, 1In tight of previous comments on predictabitity of the atmosphere, it also appears
to me that short~period forecasts up to 12 hours will continue to remain more diagnostic than
prognostic problems,

Although the computer will greatly assist the local forecaster in processing data, etc.,Z-7;7
it will take a man to be reaponsive to users' versatile requirements. I envisicn the compu-
ter making only modest inroads on applied forecasting procedures at field stations through
the 1970s (see Figure 9), While the manual input of forecests and forecast guidance issued
at NMC should gradually decrease to near zero, the role of na.. at the forecast office will
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remain paramount. His role will change gradually from one of evaluating centralized NMC pre-
dictions to one of accepting this guidance and adapting it to meet local area user require-
ments, This service-oriented role of the meteorologist--if trained both psychologically and
academically for this jobe-should be challenging &nd rewarding. While the guidance he gets
will not be perfect, it will be much improved over current guidance (see Figure 10) and will
result in much improved man-machine-mix applied forecasts,

The 1+70s will be a "Golden Decade' for the operational forecaster, who will work in a more
professional and scientific environment, and who will receive more job satisfaction than he
has ever known in the past,
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APPLICATION OF MODELS TO FORECASTING SENSIBLE MEATHER]

Carl W. Kreitzbery
The Pennsylvania State University
and

National Center for Atmospheric Research2

Abstract

Effective reasoning, analysis and communication regarding natural phenomena

. require the use of models to render tractable the complexitias of nature. The
- cperational meteorologist is responsible for the intelligent use of a variety of
5 types of niodels. This paper attempts to put into perspective the proper roles of
the different types of models to maximize the effectiveness of their utilization.

: The types of models discussed include: descriptive or synoptic, dynamic or
H analytic, numerical or physical, statistical or optimized. The uses of models
: discussed inciude: education of basic concepts, research or experimental, opera-
H tions or customized. The future roles of models in operational forecasting of
) sersible weather (clouds and precipitation} is discussed along with the impact
of the organizational structure of weather services on the effective use of models.

e

In anticipating developments during the 1970's, it is concluded that proba-
bility forecasts of clouds as well as precipitation will become commonplace and
will utilize a variety of statistical tools. Special purpose computer models
will be available to many applied meteorologists hy means of remote input-output
devices. Data and forecast communication will be improved tc provide clused
circuit television displays of the latest digitally processed radar and synchro-
nous sateilite data as well as motion picture presentation of past and predicted
weather and weather chart patterns. Studies involving systematic numerical
experiments and a trial mesoscale forecast project will delineate the relative
importance of the factors influencing sensible weather and determine the extent
te which they can be forecast. Special observaticns and diagnostic models will
evaluate the suitability of situations for operational weather modification.

R G o e R e

Substantial improvements in sensible weather forecasting will require a
concerted joint effort on the part of researchers from many organizations. The
potential improvements will not be realized during the 1970's unless the customers
and the opecational weather services place streng requirements upon the research
community to join the applied meteorclogists in the necessary interagency effort.

"We form for ourselves images or symbols of external objects; and
the form which we give them is such that the necessary consequents of
the images in thought are always the images of the necessary consequents
in nature of the things pictured.” H. Hertz (1894).

1. This work was supported in part by National Science Foundation GA-1595,

2. Visiting Scientist at the National Center for Atmospheric Research which is sponsored by
the National Science Foundation.
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* I. Introduction

The above quote from the introduction to Heinrich Hertz's book is reputed to have been a
favorite of V. Bjerknes (Godske et al., 1957). Such an exacting concept of models is too
restrictive and Godske in his general introduction to the summary of classical Norwegian
meteorology (Godske et al., 1957) prcvides for approximate models of either descriptive or
i theoretical nature:

"Owing to the complexity of atmospheric phenomena, in many cases we cannot arrive at
models which can be treated by mathematical methods and at the same time give a sufficiently
correct picture of atmospheric conditions. We must, therefore, introduce two different kinds
of image or model; we shall call them dynamic models and synoptic models. Dynamic models are
obtained by simplification from the fundamental equations of motion characteristic of the
atmosphere, and can be discussed by mathematical methods. Synoptic models, on the ather hand,
are obtained by simplification of the complex motions actually observed on weather maps;
although they cannot be discussed in a way that is entirely satisfactory from the theoretical
point of view, they must always be chosen so that their general study is based upon sSound
physical principles. The two types of model will, in due time, approach each other, and lead
to dynamic-synoptic models. Some of the models applied today are probably not very far from
that state of perfection.”

The operational meeorologist is sometimes disturbed by the contrast between the simpli-
fied synoptic models he sees in the textbooks and the complex systems he sees on the weather
map. He is even more unnerved by the neglect of what he believes to be fundamental physical
factors in the dynamic models he is asked tc consider. He realizes that approximations are
necessary to make problems theoretically tractable but he is unsure as to how applicable the
results will be to real situations. Sutcliffe (1952), in his excellent review of synoptic
weather forecasting, considers the advantages and limitations of synoptic models and con-
cludes: "There is little doubt but that each model describes a type of dynamical evolution
which is in a sense self-contained and tends to carry through according to type once ini-
tiated. There is also no doubt that the study of such models is of real practical value, but
it is also treacherous. Once a forecaster visualizes a model he is in danger of being
blinded to any other possibility and may even disgard direct pointers, even obvious tenden-
cies, which do not support his picture.”

Scorar (1968), in discussing air pollution and models warns that theories, models and
formulae are not generally applicable and cannot be because of the complexities and varieties
of atmospheric sitvations. Thus, he emphasizes "...seeing the mechanisms in action so that
one can quickly learn from eye cbservations what happens with a greater quantitative precision
than by theoretical formulae." He warns "...it is always naive to choose the form an answer
will take before an investigation is complete, and it is now widely appreciated that the
formulae are valuable mainly in helping the inventor or user of them to appreciate more
clearly the origin of the endless variety of situations we find."

The justification for simplification in modelling is supported by consideration of the
nature of facts (Chorley et al., 1967). It is pointed out that particular events are all
different but common characteristics exist which provide an orderly basis from which to
approach another particular event. Furthermore the importance is stressed "of seeking for
relevant pattern and order in information, and the related ability to rapidly disregard
irrelevant information." Quoting Van Duijn (1961}, "It is the capacity for pattern-seceing
and not the actual surveying of the landscape which explains this rapidity" (of scientific
development}).

whether, and to what extent, a model should be "believed" or used is discussed from the
operational standpoint by Skilling (1964). He feels that a model has a particular probability
of being correct and a finite range of applicability. When to use a given model is to be
determined from common sense plus the "trial by fire" of experience in its operational
performance. Then he sumnarizes with the opinion that "...one can dc no better than to
believe what he believes it is good to believe.”

The point is that modelling is an essential tool of science and the operational meteorol-
ogist is faced with tne resporcibility of comprehending the significance ¢f a variety of
types of models. Not only are there the synoptic and dynamic models in the previous quote
from Godske, but there are a multitude of numerical models and statistical models. Further-
more, the nature, rule and, hence, the applicability of models depends upon the use for which
they rr+ designed. "Textbook models" usually are designed to clearly convey a basic concept
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rather than a complete natural event. Research models are designed to evaluate specific
factors under very special conditicns. Operational models try to be realistic but they are
restricted by data and time limitations and are tailored to provide answers in the form
desired by certain customers.

The organization of weather services will have a decisive influence upon who will receive e
special training and will then have the opportunity and responsibility for properly utilizing :
different types of operational models in the coming years. Educational and research models
will provide the basic knowledge and understanding of the atmosphere necessary for profes-
sional performance in the field of applied meteorology.

Certainly the task of forecasting sensible weather during the 1970's will require the
use of numerous new models of various types. The purpose of this paper is to put into per-
spective the proper roles of the different types of models to maximize the effectiveness of
their utilization. The discussion will be organized as shown in Fig. 1. The characteristics
of the different types of models will be contrasted; the influence of the intended use on
models on the way in which they can aid or hinder the applied meteoralogist will be discussed;
and the availability of operationally useful models will be considered in terms of the organi- .
zational structure of weather services. The sub-titles in the classification scheme are - -

intended to reduce the inherent ambiguity in the types of models to be included in the
different sections.

TYPES OF MODELS

DESCRIPTIVE Dynamic NUMERICAL STATISTICAL .
(Symoptic) (Analytic) (Physical) (Optimized) i

|
U |

USES OF MODELS !

L)

Eoucation RESEARCH OPERATIONS
(Bosic Concepts) {Exparimental) (Customized)

Il

FUTURE OPERATIONAL MODELS

A1 e 1 440117

RouTtine SpeciaL ReauesTt REFERENCE COMMUNICATION 7
(Consuitant; {Bockground; (Internat; :

Computerized ) Statistics) Customer)

{Generol Use)

SHE R ]

Figure 1. Organization of models and topics as discussed in this paper.

11. Types of Models

a. Descriptive (synoptic) Models. The descriptive model is basic to synoptic meteorology as
it provides a simplified view of an ideal weather system with a substantial amount of
physical consistency. These models are used to obtain a three or even four-dimensional feel-
H ing for how the atmosphere is organized. Such models are extremely useful for constructing

: reasonable analyses in greater detail than the limited observations will permit from an

H objective standpoint. With the model in mind the analyst can disregard "unrealistic" data :
{ thereby filtering out both data errors and small scale features that cannot be adequately P

resolved. Frontal model analyses also call attention to those general regions in which the ]
weather may be active. :

-

The classical frontal models include the distribution of sensible weather elements i
(clouds and precipitation). These patterns are much less complex than any individual storm 3
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and are representative of the climatological mean distribution. For example, the frequencies
of different types of weather in 14 different sections on a time section through an occluded
frontal system were computed by Kreitzberq (1964) from a sample of 24 cases. The results
show that a model consisting of the most frequent event in each of the 14 sections of the
storm was essentially identical with the Norwegian model (Godske et al., 1957). However, the
probability of a particular storm resembling the most frequent model in all 14 details was
less than 1% and resemblance in the 6 grossest details had a probability under 14%,

While one could worry about how well different synoptic models work in different parts
of the country, the essential fact is that the model can depict no more than the mean condi-
tion with the variable features filtered out. As such, the model provides the forecaster
with a first guess based on synoptic climatology. The challenge to the forecaster is to
utilize knowledge of local conditions and observational data for a particular storm to predict
the departure of events in this particular storm from the synoptic climatological first guess.
The model also serves the important function of providing an orderly basis from which to
approach a particular event.

Another type of descriptive model is that which is designed to clearly portray the
essential features of a particular process or type of weather system. This type of mode)
serves an educational function but does not provide the optimum first guess field uniess the
situation is clearly dominated by the particular process or system modelled.

The roles of the two types of descriptic models, the mean system versus the special
system which may or may not be frequent, are very different and the operaticnal meteorologist
must not ccnfuse them.

b. Dynamic (analytic) Models. These models reveal how different quantities or parameters
are interrelated and how particular processes will operate in response to the laws of nature.
Also, mathematically formulated models make up for their obscurity to the non-mathematician
by using the deductive power of mathematics to reach conclusions that could not be reached
otherwise.

Since these moaels must be very specific they avoid the ambiguity and vagueness that
often plagues the descriptive models. The reverse side of this coin is the narrowness of
dynamic models that results from the requirement that they be specific. For dynamic models
to be tractable to their developer and, as importantly, comprehensible to their user requires
that they deal with highly simplified conditions.

It is important that the applied meteorologists recognize the positive aspects of
dynamic or theoretical models rather than rejecting them because they are oversimplified in
their assumptions. The potential user should accept the contribution to a deeper understand-
ing of a specific process that such a model provides instead of ignoring piecewise advances
and asking for complete solutions.

There are varying degrees of "dynamics" inciuded in theoretical (and numerical) models.
Most models restrict the dynamic interactions that they allow. Kinematic models take the
wind field as given. Particle dynamic models take the pressure field as given and predict
motions. Some models take diabatic heat as given while others diagnose diabatic heating as
a function of the predicted developments. Very few models predict surface (ground) tempera-
ture and moisture but rather these conditions are prescribed.

Many models can be interpreted as consistency analyses. The more obvious conditions are
specified and less obvious implications are deduced from requiring correspondence to basic
laws. For example, if hydrostatic balance is specified, then one can diagnose the vertical
velocities that must occur to maintain this balance. If quasi-geostrophic balance is
specified, then too certain vertical moticns can be deduced to insure maintenance of the
thermal wind equation, for exemple.

Oftentimes more can be learned from more restrictive models because it is clearer why
the results come out as they do. The researchers are more iikely to appreciate the contribu-
tions furnished by highly restrictive mocels. Unfortunately, the applied meteorologist
rarely has access to information from these models in a concise, intelligibie form to permit
his physical understanding tu steadily impruve with the scientific advances.
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¢. Numerical {physical) Models. MNumerical models, backed by electronic computers, provide
quantitative results which may be either quantitatively correct or only qualitatively correct.
The need in sensible weather €orecasting to rapidly deduce complex processes in view of large
= quantities of observational data makes numerical models essential to future improvements.

Numerical models are adapted from dynamic or physical considerations but certain physical
- processes are "parameterized." Parameterization is an outgrowth of the method of coefficients
discussed by Scorer (1958). In the method of coefficients, one deduces theoretically that

two quantities are proportional but the proportionality coefficients are deduced from experi-
ments (just as specific heats and Tatent heats are determined without resort to microphysical
theories). In numerical modelling with finite grid spacing, the problem of modelling physical
processes {s compounded by the absolute inability to resolve scales less than twice the grid
interval and the practical inability to resolve scales less than four or more times the grid
jnterval (due to the problem of non-linear instability). Tnus the model must have the effects
of small scale processes expressed in terms of large scale parameters. This parameterization
may achieve only a rather crude estimate of the small scale influences.

In numerical integration of the forecast equations, control of truncation errors® often
requires the use of grid intervals much smaller than weuld seem necessary to resolve the scale
of features present in the model at a single time. Thus, the observation spacing dictates
the appropriate grid spacing for the analysis model used to establish the initial conditions,

but the forecast model may use a much higher resolution grid just to improve the forecast of
large scale features.

=
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The practical problem of observing conditions that control sensible weather developments

3 is to some extent insurmountable. This difriculty is true even for many research purposes

r where real time forecasts are not necessary. ihus many research models will utilize synthetic
data to deduce the developments that result from hypothesized initial conditions. The

E operational value of studies with this type of model arises from the increase in knowledge of
what sort of systems the atmosphere can generate in view of physical laws. These studies

will delineate factors that are important from factors that are inconsequential. These

studies will 21so show what observations are essential for predicting certain events and,

therefore, which events cannot be predicted without prohibitively expensive observations.

The probliem of providing the operational meteorologist with the results of numerical
models, either specific results or generalizations from a series of numerical experiments,
will be deferred until the discussion of future operational models.

d. Statistical (optimizea) Models. Since observed sequences of events are recorded in
our climatological data banks, it 1s reasonable to think that statistical methods and elec-
tronic computers could be used to empirically relate weather elements to preexisting condi-
tions. The preexisting conditions coculd be either individual weather elements or sets of
H weather elements or objectively defined synoptic systems or analogues. See for example T. F.
Malone in Petterssen (1956) or Christensen and Bryson {1966). Technigues are available to

rapidly seek out the best set of predictors of an event from a large sampie of possible
predictors.

Such statistical methods can succeed where physical understanding is completely lacking.
The results of statistical studies can provide clues to physical understanding just as
physical understanding can be a power tool for properly framing the statistical problem by
suggesting possible predictors and the forms that statistical relations should take. In any

case, if a statistical model works it can be used in spite of lack of understanding of why it
works until some better technique is developed.

In prediction of events that are effectively non-deterministic from available data or in
predicting the integrated effects of large numbers of events, statistical models offer the
only solution. Statistical models can be used to predict the probabilistic structure* of
the response of some system to forcing functions for which only probabilistic structures are

3. These truncation errors are the result of approximating gradients at a point with finite
differences.

4, By probabilistic structure is meant the appropriate statistics that summarize the varia-
tions; such as means, standard deviation, variance, etc.
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known. Many engin2ering problems r2guire knowledge of the expected range of weather events
or probabilities that certain extrewe events or a combination of events will occur during a
certain time interval. For such problems statistical models are not only the only practical
models but they are nfter cery powerful.

Statistical wethods play an important roie in chjective analysis techniques and in
objective synoptic climatoiogy studies. Statistical models are also used in the development
of parameterization schenes in numerical models where one needs to know information on the
statistics of the unresolvably small systems.

On the other hand, disadvantages of statistical models arise from their lack of physical
basis. It is difficult to systematically gain physical insight by studying the successes and
failures of different predictors. When an objective forecast scheme is developed for one
location, there is no way to directly apply it elsewhere because the predictors need not have
a direct relatior. to universal physical laws. The necessity for deriving special objective
forecast equations for each site is no problem when digitized climatological data are avail-
able but it is difficult to deal with new sites that lack an extensive data record.

It is also difficult to integrate objective (statistical) forecasts with dynamic or
subjective faorecasts because the source of the statistical skill may or may not be independent
of the source of the dynamic or subjective skill. For example, if the forecaster subjectively
anticipates an event and the statistical model concurs, how does the forecaster decide if two

independent techniques are predicting the event thereby giving a higher confidence of verifi-
cation?

The psychological side effect of relying on an uncomprehensible statistical model is bad
because if nature appears to be uncomprehensible we are tempted to turn forecasting over to
persistence probability tables, or something similar, and abandon rational physical scientific
development. Much is said about the complementary nature of dynamic statistical methods.
Certainly they both have their proper roles and the ideal is an integration of dynamic and
statistical models as needed within a rational physical framework. In the meantime the
successes of statistical models will serve to prod the physically oriented meteorologist into

improving his knowledge so that physical models can be developed that will explain or surpass
the statistical ones.

III. Uses of Models

The proper intepretation of a model requires consideration of its designed use as well
as its basic type. The applied metecrologist can benefit from educational and research models
so long as they are not confused with operational models.

a. Elucation (basic concepts) Models. Introduction of new concepts requires that their
essential elements be outlined in simple, clear, idealized examples. Educational or textbook
models are designed for this purpose. For example, zero-order frontal models, in which a
frontal surface separates two different air masses ecch of which is uniform, is excellent for
initiating students to frontal theory. In practice, nowever, the first-order frontal theory
is far more applicable wherein the temperature gradient is concentrated in a frontal zone of
finite width with the warm boundary defined as the frontal surface (Godson, 1951). In
reality and in the first-order theory, fronts need not slope toward the cold air and whether
occlusions have a warm or cold slope is independent of the relative coldness of the preceding
and following air masses (Kreitzberg, 1964). Such operational weaknesses in elementary
models do not mean that elementary models are "wrong" and should be deleted from introductory
textbooks; it means that more advanced models must be applied when elementary models are not
applicable.

The requirement that formal education prepare students to adapt to developments in the
five or ten years after they leave school means that courses concentrate on a wide range of
fundamenitals instead of currently popular operational models. Also books and particularly
textbooks have two or more years lag time betweer selection of material and publication.
Therefore it is unrealistic to expect even advanced courses or texts to contain the optimum
models for operational purposes. Educational models do provide the background knowledge upon
which the applied meteorologist builds his facility with current operational techniques.
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b. Research (experimental) Models. Research models yield results that expand the applied
meteorologist's background to include specialized topics and more recent developments than
educational models. The specialized nature of these models means that they usually deal with
a small part of the applied problem. The current and experimental nature of these models
means that the results are more tentative than either educationally adapted or operationally
tested models.

Research results are often not published in the form the applied meteorologist would
1ike; the style is usually too formal and brief; the models are not designed for real time
general use; the form of the input parameters and the type of output quantities may be
unfamiliar to practicing meteorclogists. There is a need, therefore, to have someone rephrase
the model results so that groups with operational requirements can pass the information on to
their meteorologists in the field.

¢. Jperational (customized) Models. TYhese models are usually tested with many cases and
then tailored to accept operationally available input parameters, to produce the most readily
used product within an acceptable amount of man and/or computer time, and to disseminate and
display the product in the optimum form at the correct time.

These models can become custom tailored to the point that they are very difficult to
entirely understand. The basic principles and physics of the model are ofter easier to
decipher from explanations of an earlier stage of the modei. It is essentia. that checks be
performed and documented to show what changes in basic principles, physics and accuracy are
introduced during develapment of the operational version of the model.

IV. Future Operational Models

In speculating atout the role of models in sensible weather forecasting in the next
decade, developments that appear to be technically feasible will be discussed first, Consid-
eration will then be given to which of the potential developments are likely to be realized
in view of funding requirements and the organizational structure of the weather services.

a. Routine {general usage) Models. The sensible weather in global long range models will be
treated so as to yield the proper dynamic effects in the model rather than to provide direct-
1y useful sensible weather forecasts. Therefore climatological rather than meteorological
results will be obtained either by judicious parameterization or by direct specification.
Intermediate range forecast models will predict clouds as well as precipitation dynamically
and will provide confidence 1imits or probabilities statistically.

The shorter term forecasts will be based on fine mesh models which will output trajec-
tories as well as sensible weather forecasts. The trajectories will then be used in the
field to infer cyclonic scale effects on observed mesoscale developments thereby updating and
refining the cyclonic scale forecasts. Routine short term forecasts will utilize communica-
tion advances, the increased physical understanding of the meteorologist, and statistical
models for accounting for the routine effects of local topography.

b. Special Request Models. Since many important forecast problems arise infrequently,
special models will be made available upon reguest only. The request may go to a specialized
consultant or may be handled by remote input-output access to time-sharing computers. This
computer will have libraries c¢f special purpose dvnamic, kinematic and statistical models as
well as access to computers that process the current data and forecasts. Special requests for
long range probability forecasts will be forwarded to specialized cocnsultants who will gener-
ate the answer by computer processing of climatological data and possibly modify the results
in view of other long range forecast techniques.

Meteorologist-customer relations will become more intimaie as hignly specialized prob-
lems are attacked. The meteorologist will understand his cu<tomer's protlem and will tailor
his product to meet the requirement. The customer will un’e -stand how ¢ use the product and
why more detailed answers and narrower confidence 1imits are unavailable. Because of the
effort and cost of such services, oniy important problems and !zy decision makers will receive
these services and directly or indirectly pay for them.

A< operatioral weather modification becomes more common, more specialized services and
instrumentation will be devoted to evaluating the suitability of conditions for modification.
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To make a significant attempt toward substantially improved mesoscale and short term or
detailed forecasts will require a special test project. Such a project was recommended by an
ad hoc group established in March 1966 by the Interdepartmental Committee for Applied Meteo-
rological Research {ICAMR). The ad hoc recommendation is summarized and expanded upon by a
full-time task team {(ICAMR, 1966). Such a project will delineate the relative importance of
factors influencing sensible weather and will demonstrate the extent to which detailed fore-
casts of sensible weather are possible.

c. Reference (backqround; statistical) Models. These models include relevant educational
and research models adaptsd as background material for the applied meteorologists. Descrip-
tive models will realistically combine empirical models with physical expi-nations and will
stress the relative importance of different factors depending upon the circumstance. Results
of controlled numerical experiments with systematically changed conditions will show the
sensitivity of sensible weather development to initial conditions. The results will be
organized to show what parameters are critical under certain circumstances as well as what
range of possible outcomes can occur within the limits of the initial observations.

Reference models will also include statistical probability tables on a climatological
basis, under different synoptic conditions and under different initial conditions (persistence :
probability). Model results showing effects of localized conditions, such as height, slope H
and vegetation, will be used to permit the applied meteorologists to roughly extrapolate from :
nore general forecasts to very specific forecasts. Certain more general corrections for
localized conditions will be produced upon request from the computer terminal. B

d. Communication Models. Efficient data processing, communication and display techniques :
will continue to be essential for an efficient weather service and for improving the quality :
and usefulness of short term forecasts. The current use of remote display of radar data on a
television set will be expanded to include the latest digitally processed radar and synchro-

nous satellite data. Furthermore, motion picture presentation of past and predicted weatlier

and weather chart patterns will provide an efficient and dynamic form of weather briefing for
the metecrologist and the experienced customers.

The form in which the customer is providec wiin weather information is critical to its
usefulness. Improvements to come will include not only specialized forecasts but specialized
and oftentimes computer generated forecast formats.

e. Impact of Task Priorities and Organiu ¢i. - ! Structure. Having viewed the technically
feasible, we now shall consider the reclis .+'v probable developments. Where needs are
greatest and where financial support coen t b ined, the advances can be achieved but they
will be costly. Customer demand will ke tc imnroved storm, severe weather and terminal
forecasting and for specialized services. 3rplied researchers will press for support in
numerical modelling and a trial mesoscale forecast project. Highly skilled personnel will
seek the challenging jobs where efforts are underway to make substantial improvements.

To implement these improvements will require that weather services challenge their meteo-
rologists with varied specialized forecasting tasks. The personnel must be provided with the
educational and training programs necessary to update their: wunderstanding of physical pro-
cesses, knowledge of new models and techniques, skill in applications and communication with
the customer. Persons not receiving advanced training will assist the professionals and will
communicate the information to the genecral customer,

Provisions will have to be made for the customer to obtain specialized services either
from a general or a specialized consultant. The meteorologists will require access to
specialized consultants, specialized informatior and a computer terminai linked to computers
with specialized programs on call. In line with Scorer's (1968) emphasis on the value of
"...seeing the mechanisms in action...," it will remain essential for the meteorclogist to
be personally familiar with the problems he advise: on and not become isolated in the weather
central to which hz is assigned.

V. Summary and Conclusions

Modelling has historically been an essential tool of science for rendering tractable the
complexities of nature. More recently numerical and statistical models have been added to
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the familiar synoptic and dynamic models. Sutcliffe (1952) has warned that models can be
treacherous in wooing the forecaster into a feeling of comprehension before the data have
been adequately considered. Scorer (1968) notes that models are very narrow in scope, they
can be applied only after careful examination of the situatien, and they lead to an apprecia-
tion "...of the origin of the endless variety of situations we find." The operational meteo-
rologist has the responsibility for the intelligent application of the variety of types of
models discussed in this paper. To fulfill this responsibility in the face of numerous new
models that are not necessarily tailored to his desires, the applied meteorologist

mu:t]continually update his training and preperly understand the potential roles of these
models.

Descriptive models combine in & simplified but clear fashion the essential character-
istics of atmospheric structures and processes as deduced from both empirical evidence and
theoretical reasoning. Dynamic models utilize powerful methnds of mathematical deduction and

capitalize upon the obedience of nature to basic physical laws to provide a firmer understand-
ing of specific phenomena.

Numerical models of physical processes permit quaiititative evaluation of a wide range of
events. Indeed, they can reveal details that cannot be directly or accurately observed.
Much remains to be done in communicating the results and implications of numerical experiments
to the applied meteorologist.

Statistical models are essential for the specification of confidonce limits on forecasts
to increase their usefulness. Statistical methods can also treat phenomena that lie beyord
the scope or outside the province of deterministic physical models. The integration of
statistical and dynamic models within a rational physical framework is as important as the
integration of synoptic and dynamic models.

In interpreting a model it is important to consider the principal use for which it was
designed. Educational models frequently introduce or stress one factor or concepi and are
more schematic than realistic; their intent and therefcre their role is to provide a back-
ground of basic concepts. Research models are often highly specialized tc examine the role
of a specific mechanism which may or may not be the dowminant mechanism in a real situation.
Only by patiently accumulating and integrating knowledge from a number of specific models can
a person interpret a complex situation and understand the dominant factors in that particular
situation. Cperational models have been adapted to data and manpower limitations which can
blur their physical basis. The output is tailored to meet certain user requirements and

communication limitations and the result may be a compromise between the desires of different
users.

Future models used by applied meteorologists will b2 a compromise between the technicaliy
feasible and the practically realizable. Where the problems are more urgent and the funds
more available, progress will be more rapid. Routine numerical models will become more
detailed as modelling and computer technology advances. Subsidiary output such as trajec-
tories and probabilities will become more common. Improvements in communications, physical
understanding and statistical inclusion of local effects will improve short term detailed
forecasts.

Substantial improvements can be anticipated from the use of specialized models as special
situations arise. Remote access to time sharing computers and to specialized consultants will
greatly augment the capability of the field forecaster. Giving special, personal attention
to special user requirements will increase the accuracy and the utilization of specialized

information, assuming the needs or the funds of the customer permit such special consideration.

Operational weather modification programs, for example, will require special attention to
determine the suitability of the techniques and conditions for weather modification. A
special test and evaluation project should be established to demonstrate the potential for
sophisticated mesoscale forecasting.

Reference and background material must be provided to the applied meteorclogist so that
he may gain physical understanding from improved educational and research models. Materials
should be available to adapt a more general forecast to Jocal influences at a specific spot.
Results of systematic numerical experiments should show the dominant factors in different
situations and the range of possible outcomes from initial conditions defined within the iimit
of available observations.
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Communication advances will permit graphic transmission of Jigitally prucessed radar and
synchronous satellite data and the dynamic (motion picture) display of weather maps and fore-

casts. Customers will receive information in ¢lear and grephic forms tailored to their needs.

These improved models and techniques will challenge the meteorolngists to keep up to
date in specialized areas. The weather services will have the responsibility for providing
the necessary training and a stimulating work environment that will permit special considera-
tion to be given to special problems. Field personnel must have access to special computer

models and to specialized consultants. Customers too must have information on and access to
special services.

There are many challenges and opportunities facing the resecarch community in addition to
the needs of operational meteorology. It is very possible that the field forecaster and
his customers will not see the potential advances discussed in this paper realized in the
1970's. The system managers may concentrate on advonces that can be impiemented by machines
and phase out the forecaster instead of supplying him with the training and research support
necessary for him to realize his potential. Should this result be permitted to occur, the
core of the meteorological profession and the customer of specialized sensible weather fore-
casts will go unserved by science as autcmation will provide demoralization rather than
inspiration. The highly educated scientists, the system managers and those customers who
need only the computer products will then be the only beneficiaries of the machine age.

Addendum: Development of Man's Role in Weather Forecasting

A preoccupation with utilization-of advanced machine technology and long-range forecast-
ing dominated plans for operational meteorology in the 1970's presented at the 1969 Meteo-
rological Tecanical Exchange Conference. However, short-term weather forecasting could
advance markedly in the next decade if the necessary research and management support is
provided to the forecaster. To insure that his is an effective, contributing role the
individual forecaster must receive continuing education, access to special computer routines,
and the time and responsibility for applying his knowledge to special forecast problems.
Without support from research and management, the forecaster's morale will deciine as his
tasks become more mechanical, quaiified students with an interest in weather will be dissuad-
ed from the forecasting nrofession and new scientific krowledge will not be put to use.

Programs have not been initiated that will fully develop the forecaster's apility to use
his intelligence to exploit scientific and technologicai advances. The challenge of rapidly
incorporating knowledge of physical processes into fcrecasts of 2 wide variety of special
phenomena under a wide rar.ge of poorly defined conditions requirec utilization of a highly
motivated persor supported by optional mechanical aids. Certainiy a mechanized forecast
system is easier for the system designer to program and the sysiem manager to manaye, but can
the user afford the loss of a compassionate man's ability to deal in a physically realistic
manner with innumerable special problems?

This addendum is a plea for consideration by the research and management communities of
the needs of the short-term weather forecaster and the users of such specialized forecasts.
Plans are outlined for an interagency effort to Tfurnish the research, development and train-
ing needed to realize the potential advances in short-term forecasting. This program would
stimulate the field forecaster, attract highly motivated and quaiified students to the field

and supply the customer with the services that advances in science and technology can support,

The importance and magnitude of the task and future funding limitations, necessitate achieve-
ment of complete interagency cooperation.

It is proposed that the National Meteorological Application Center, as outlined in Fig.
2, be established to rapidly expand and implement knowledge of small scale and sensible
weather phenomena. This center would be directed by a board composed of representatives from

interested agencies, universities and industries to provide financing and establish priorities.

The center would be staffed by a permanant cadre of meteorologists and supporting personnel.
Agency coordinators and task teams would work at the center utilizing its facilities to solve
prcblems peculiar to that agency. Special joint programs and tasks of limited duration would
be conducted by the center. Visiting scientists would wor% with the center, contrituting and
broadening their knowledge in specialized areas. Summer programs would expose and enthuse
students with the latest methods and challenges in weather forecasting. Gperational
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meteorologists would receive advanced trairing in operational forecasting techniques from a
continuing series of short courses at the center and correspondence courses, briefing teams
and training aids sent to weather stations. In essence, the center would develop and main-
tain the up-to-date Compendium of Applied Meteorology in lgose-leaf format.

NATIONAL METEOROLOGICAL APPLICATION CENTER

Science - Mesometeorvlogical Research Organization
+

Technology - Technique Development and Evaluation Program
+

Education - Advanced Operational Techniques I[nstitute

Progress - Doing what can be done together.

Figure 2. Outline of the proposed interagency organization to advance
short-term and small-scale weather forecasting.

The Mesometeorological Research Organization would conduct field programs and do applied
research. Such &n organization has been recognized by several planning commissions in past
years as essential for significant advances in mesometeorology (ICAMR, 1967). Unfortunately,
the agencies have not agreed upon a program suitable to all their needs and within acceptable
budgetary limitations. As part of the Application Center, the Research Qrganization would
contribute directly to operational technique development.

The Technique Development and Evaluation Program would tailor scientific and technologi-
cal advances for operational implementation. This program would utilize computer-to-computer
communication with the operational data bank, forecast, and climatic center computers. Fore-
cast techniques could, therefore, be used on an experimental basis in the operational erviron-
ment until their weaknesses are removed and their value proven. Proven techniques would then
be passed on to the operational forecasters through the training institute.

The Advanced Operational Techniques Institute would have the flexibility required for
providing instruction in the latest specialized techniques. Completion of instruction would
be accepted as evidence of mastery of the latest available operational information. The
research, development and visiting personnel would all participate in the instructional pro-
gram and would be challenged and stimulated by the questions and ideas from the students, who
would be the immediate consumers of the center’s products.

Interagency participation is essential tc provide an adequate manpower and financial base
for the center and to permit maximum utilization of the products. Potential interagency
contributions are very large and could be communicated continually instead of annuaily at the
Technical Exchainge Conferences. Many agencies face the same meteorological problems or
problems that are physically inseparable. Future weather services will use common forecast
systems as they now use common data collection systems. An interagency research, development
and training center will hasten successful interagency forecast systems and progress will
proceed at a rate that can only be achieved by doing what can be done together,
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SURVEY OF PROGRESS AND PLANS [N TROPICAL METEQROLOGY EXPERImENTS

Dr. Edward J. Zipser
National Center for Atmospheric Research*
Boulder, Colorado

RBSTRACT

Stimulated by the necessity for including tropical processes in the next
generation of general circulation models, and also by the depths of our ignorance
of such processes that satellite data have forced upcn us, research in tropical
meteorology is now accelerating. Some results from the Line Islands and Barbados
Experiments are discussed, with emphasis on the role of sub-synoptic processes
and on the need for fine vertical resolution in tropical data. The background
of the proposed Global Atmospheric Research Program (GARP) is reviewed briefly.
The current status of plans for the tropical part of that program is summarized,
along with its main scientific objectives.

I. INTRODUCTION

As 1 stand here, three men are traveling toward the moon in APOLLO T11. If all goes well,
thev will collect samples of lunar surface material and bring them back to earth, where they
will be analyzed. And we can be completely confident that papers will soon thereafter appear
in the literature on lunar composition, meteorite rate, origin and age of the moon and the
earth, and theories of the solar system. This reminds me of tropical meteorclegy. The
surface area of the moon is 12,000,000 square miles; tkere will be one data point in all of
this area. That is about the data density over much of the tropics.

In ali that follows, I will confine myself tc the subject ov tropical synoptic meteorol-
0gy, with emphasis on the description of disturbances over the ocean, including sub-synoptic

scaie features and convection. I will not deal with hurricanes, climatcloyy, or conditicns
over continents,

The research spurt in tropical meteorology in tie decade following World War Il was
stimulated in part by the abysmal ignorance that so many pilots were forced to deal with, and
especially by the new data that resulted from military presence in the tropics, both during
the war and during the post-war bomb tests in the Pacific. During the next decade, research
emphasis was shifted to tropical cyclones. But a second spurt has been gathering momentum
for several years and should reach its peak suring the 1970's if present plans are allowed to
materialize. The cause of this second spurt is twofold: First, recent satellite data has
been a strong stimulus by allowing us a useful look at ail parts of the tropics including
data voids, and this new look has revealed enough features that were unexpected that we are
again face to face with our own ignorance; second, global rumerical models will require
direct incorporation of tropical proccsses for forecasts beyond a few days. 1t has become
apparent to nearly everyone that fundamental observations and understanding of many tropical
processes do not exist and will not ex1ut without well-desioned field experiments covering
all scales of motion from turbulent to 1irge scale.

11. SUMMARY OF SOME RECENT TROPICAL EXPERIMENTS

a. FEarly Experiments. I cannot do justice to these early proarams here. Several exp:iitions
were carried out in the Caribbean and tropical Atlantic during the late 40's and the 50's
under the auspices of the Woods Hole Oceanographic Institution, which were important pioneer-
ing efforts toward understanding more about sea-air interactions and convection. In 1963, a
joint program was carried out ncar Carbados by Woads Hole and Flevrida State University where
satellite and aircraft on cloud systems am disturbances was first combined with island and
ship data on sea-air interactions. 1t is appropriate to note here that Dr. Lowenthsl,

*The National Co .- or Atmospheric Research is sponscred by the National Science foundatior.
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USAECOM, anc CAPT. Max Eaton, then of Fleet Weather Facility, gave important support to that
program. Although limited in scope, it was this concurrent data sampie on several scales
that made the program vajuable. This approach .s basic in the field programs that followed.

b. The Line Islands Experinent. This program, conducted on and near Palmyra, Fanring and
Christmas Islands during February-April 1967 produced a comprehensive sample of satellite,
aircraft and surface-based meteorological data. A complete catalogue cf the data obtained is
available (Zipser and Taylor, 1968). The immediate stimulus for the experiment was the
availability for the first time of synchronous satellite observations. Despite this space-
age system, the restriction of this program to off-the-shelf items gave it a decided World
War 11 flavor, as a glance at the pictures in the catalogue will reveal. 1 will mention two
areas of progress resulting from this progrem.

{1) Wind structure in the vertical. During the Line Islands Experiment, rawinsondes
were released at tnree to six hour intervals from the three islands. Data were recorded at
two prints per minute and carefully processed for maximum possible vertical resolution.
These serial soundings characteristically revealed strong wind variations in the verticai of
small vertical scale. The 8-day period illustrated in Fig. 1 and 2 is fairly typical, and
shows the u and v-components separately for the 6N island, Palmyra, and the 2N island,
Christmas. The small scale features are seen at botnh islands and at all levels from the low
troposphiere through the lower stratosphere. But they are stronger in the v than in the u-
component, stronger at ¢N than at 6N, and stronger near the tropopause than at other levels.
These features are confirmed by so many consecutive soundings that their reality cannot be
in sericus doubt. At one point, the v-component alone changes by 45 m sec-! in just over
2 km. At the same time, the sign of the v-component changes some 8 or 9 times between the
surface and the lower stratosphere.

These intense shears are significant in several respects. Consider the pilot on a cross-
equatorial flight at normal jet-aircraft altitudes who is encountering 20 or 30 m sec~! head-
winds; he might very well find a tail wind by changing altitude by 2 km! Consider the current
plans to obtain global data by means of coustant-level balloons at, say, 200 mb, or by means
of cirrus cloud motions from geosynchronous satellites. If this kind of complex wind
structure is common in the equatorial zone, how can data at one or two levels describe the
real situation? This wind structure is also of considerable scientific interest because they
rnay be manitestations of gravity waves trapped in equatorial latitudes, which may be impor-
tant agents of momentum transfer in the vertical {see e.g. Lindzen and Matsuno (1968). And
finally, those who are developing global numerical models can probably not afford to neglect
these features. Obviously, there is ample motivation to learn as much as we can about them.

(2) Structure of some kinds of trcpical disturbances. Of the many disturbances that
affected tne Line Islands during the field program, the most comprehensive data was gathered
in the 1 April 1967 case. This case has been described in detail elsewhere (Zipser, 1963),
so only the essence of the findings will be covered here. The clioud system associated with
this disturbance developed alimost explosively during tne preccding night and decaved almost
as rapidly during the daylight hours of 1 April, never to regenerate (Fig. 3). The evidence
is clear that strong downdrafts developed as the cloud system developed, and that the down-
draft air, originally dry middle tropospheric air, filled the system by early morning (Fig.
3b) and continued to expand behind the cloud arc seen in Fig:. 3c-3e. This cut off the
supply of high energy low-level air to the cloud system, which decayed rapidly as a direct
result, since new cumulonimbus development could no longer continue its maintenance. The
other key points are that the downdrafts are deduced to be highly unsaturated, and that the
structure of the cumulonimbus aggregates nroducing the downdrafts is cimilar in most respects
to that of mid-latitude squall lines (Fig. 4), with the added feature that the downdraft can
be produced by mesoscale sinking under raining anvils as well as by convective scale sinking.

In a few minutes, evidence will be presented to show that this is not a unique weather
system, but in fact a rather commor nccurrence. This finding takes on added significance
whei the results of a tropical cloud census made by the Study Group on Tropica) Disturbances
(Pishargty, Fujita and Yanai, in a report to the Joint GARP Qrganizing (ommittee) are con-
sidered. In a study of tropical Pacitic ¢isturbed areas, they adopted the term “cloud
cluster” to descrite most synoptic scale ~.loud systems. They found that fully half of these
clotd clusters, classified as the "oval" tyr.. were characterized by lack of apparent wave or
vor.ex structure and had typical lifetimes of one to two days. These are not the well-known

easterly waves or cquacorial waves, which are thought to be far closer to a steady state, but
neither are they insignificant, for theve short- 11ved clusters can contain extremely 1ntense
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Fig. 1. Height-time cross sections of the u-component, or eastward-directed wind at Palmyra
(6N, top) and Christmas (2N, bottom) in meters sec™!. The time of individual rawinsonde
releases is given by the arrows along the top of each section.
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; (c) ESSA 4 APT picture, 1005 local, 1 April 1567 (f) ATS-1 picture, (819 local, 2 April 1967
; Fig. 3. Sequence of satellite pictures spanning the 1ife cycle of the 1 April 1967 distur- ?
H bance in the Line Islands regivn. The mesoscale cloud system seen on the previous afternoon A
L {(3a, heevy arrow) is probably the only precursor of the disturbance in existence the previous 3
: : day. The sequence 3b-3e shows the cloud shieid of the disturbance dissipating during 1 April, E
' ¥ coincident with the rapid expansion of the curved cloud line which marks the ieading edge of =
: the downdraft air. Palmyra, Fanning and Christmas Isiands are located by letters on each ES
: picture. 2
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convecticn during their shert lifetimes and by their great frequency in and near the inter-
tropical convergence zone must account for a substantial fraction of the total energy trans-
fers in that zone.

c. The 1968 Barbados Program. This program was primarily a Florida State University program,
and it has been described by Garstang and LaSeur (1968). Some of the initial results have
been described by Garstang (1969) and I will not nave time to discuss them here. 1 will
follow up the previous discussion on the significance of short-lived cloud clusters by show-
ing a few orief case histories of disturbances near Barbados in 1968, the dats coming from
flights of one of NCAR's fully instrumented Queen Air A-B0 aircraft, made in cooperation with
the FSU program.

Two disturbances of the chort-iived variety passed Barbados, on 18 and 30 August, in
which low-level traverses and soundings were made by the research aircraft. In each case, the
cloud cluster was at maximum intensity on the day that it passed Barbados and was either weak
or non-existent on both preceding and subsequent days (Figs. 5, 6). On both maximum intensity
days, tlights concurrent with the satellite picture show intense squall lines forming the
northern boundary of the cloud system with the vast majority of the system filled with down-
draft air in the low Jevels. In the northern half of the cloud System where the anvils are
thick, rain is falling and producing the downdrafts on a scale of some 100 by 200 -~ 300 km.
This was verified by aircraft soundings in these regions, one of which measured relative
humidity at 3000 ft in heavy rain of less than 50% by two independent instruments. At 500 ft,
the horizontal divergence in these rain areas was the order of 10°" sec-', this in each case
under the heaviest satellite-observed cloud cover and on a scale fully an order of magnitude
larger than the scale of the active squall line. It becomes easy to understand why each of
these cloud systems dissipated quickly.
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Fig. 4. Schematic streamlines of airflow relative to convective cloud systems fn north-scuth
section illustrating the mechanism of downdraft production. The low Qe air in the environ-
ment can pass under the anvil without necessarily intercepting convective towers, although
such air that does intercept towers can be entrained by turbulent mixing into the towers and
can also produce moie intense and smaller scale downdrafts than the direct large-scale produc-
tipn under the raining anvil. Compare this diagram with those presented by Newton (1963)

for the mid-latitude squall line.
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L Fig. 5. Digitized mosaics of ESSA-3 satellite pictures of the Barbados region for
three consecutive days near 1600 local time. Barbados is located by the black dot
at 13.0N 59.54. The disturbance over Barbados on 18 August had actually completely
disappeared by the morning of the 19th; the clouds seen south of Puerto Rico on
that picture developed during the day.
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Fig. 6. Same as Fig. 5, but for the 30 August disturbance. The cloud system over
Barbados on that day had extended to 65W as a solid intense mass a few hours
earlier, but the western part of the system has already dissipated, leaving a very
thin cumulus line near 67W. Note the similarity to the case of Fig. I. At the
time of this picture, the research aircraft was crossing the sguall line along
15N, the north edge of the disturbance, which was the only intense convection
remaining in the system. The pictures on the 29th and 31st are evidence of the
system's rapid growtn and decay.
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A third disturbance was investigated with the same data sources on 1 September (Fig. 7).
In sharp contrast with the previous two, it was a well-defined system for several days prior
to 1 September and also on the next day, although it was most intense on 1 September. It can
be approximated with a relative steady state wave model. On 1 September, had its circulation
been about 3-5 m sec™ stronger, it could legitimately have been called a minimal tropical
cyclone. Significantly, and also in sharp contrast to the previous systems, the 1 September
cloud system had only weak downdrafts near its center which were rot significantly cooler and

drier than the environment, and in fact, substantial portions of the rain area had higher dew-
points than the environment. | believe that these differences in downdraft structure are one
of the factors to be considered in assassing whether given cloud systems do or do not have
the potential to become tropical cyclones.

d. . The Barbados Oceanographic and Meteorological Experiment (BOMEX). As you all know, BOMEX
is the most ambitious tropical field program to date, and it is still in progress. For an
outline of the objectives and the specific program, see Kuettner and Holland (1969). Despite
the large scope of BOMEX, there is no doubt that the basic problems of tropical meteorology,
particularly the convective-mesoscale-synoptic scale interaction problem, will not be solved
by BOMEX and we must look toward future efforts in the field.

| SEPT
1968

2 SEPT
1968

70°W 60°W 50°W 40°wW

Fig. 7. Same as Fig. 5 and 6 but for the 1 September disturbance. By referring
to Fig. 6, this system is easiiy seen near 43W on 29 August, and although it
weakened temporarily the following day, has good continuity through 2 September.
Research aircraft data showed this disturbance to have important thermodynamic
differences from the two previous ones. See text.
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ITI. FUTURE PLANS FOR TROPICAL FIELD PROGRAMS

While 1 will speak about the current status of plans for tropical field programs as part
of the Global Atmospheric Research Program (GARP), I should preface these remarks by stating
my personal view that it is neither realistic nor desirable to view GARP as having any
monopoly on these future programs. There are many, many worthwhile research endeavors in
tropical meteorology that can and should be supported independently of the GARP effcrt. But
1 also believe that the plans now taking shape as a part of GARP have great significance and
deserve exposure at this time, so I will spend the brief time raraining on thic subject.

If it can be accepted that one of the most pressing uasolved problems of the tropics s
the scale interaction between sea-air transfer, sub-cloud layer turbulence and convection,
through the mesoscale and the all-important cloud cluster scale (1 preicr to call this the
small synoptic scale) and on through the larger scales, it should follow tihat a field progrem
must be designed which will observe all these scales concurrently, with adequste resolution,
areal extent and meaningful accuracy of the meteorological variables.

Similar views have been expressed more eloquently in the most recent planning document
on GARP (U.S. Committee for the GARP, 1969). To quote a few pertinent passages:

"Convective cloud clusters represent a special physical problem because...they are
not directly driven by surface heat scurces. Some of the energy may leak in from
middle latitudes or result from shearing instability of the trade wind flow, but
after the deep cloud masses are formed the increased condensation heating in the
cloud towers must interact with the large scale disturbance fields themselves.

When the interaction is sufficiently strong in the positive sense a tropical
cyclone...forms. More often, however, for reasons that remain obscure, the net
condensation heating is insufficient to do more than produce a weak perturbation

in the wind and pressure fields, In these circumstances the cloud cluster exists
for two or three days and then collapses (Simpson et al., 1967). Nevertheless,

the frequency and intensity of thase convective cloud cluster systems is such that
they represent the major regiens of transformation from latent to sensible heat in
the tropical energy balance. Individually they are major weather producers in
the tropics. In the aggregate they maintain the Hadley-cell trade wind circulation
and the subtropical jet stream, and to a considerable but uncertain extent they
influence the mean and fluctuatinge atmospheric fields of middle latitudes...." {(p. 46)

In the past few years, each of the four or five grcups of scientists that have con-
sidered this set of problems have assessed their importance (and their difficulty) in much
the same terms, and each has recommended an ambitiocus field effort designed to meet these
problems. The most recent recommendations have referred to this program as the Tropical
Cloud Cluster Experiment. Quoting again from the U.S. GARP Committee:

"The Committee recommends that the highest scientific priority should go to the
cloud cluster experiment [of the six programs recommended]., It is clear that this
experiment will be a major undertaking in observational meteorology. The Commit-
tee emphasizes that, in order to carry it out successfully four years from now,
planning for budgeting and development must begin at once...." (p. €0)

"...[The Tropical Cloud Cluster Experiment] is designed to study the convective
and large scale interactions occurring in the wet season cloud cluster distur-
bance of the central and western equatorial North Pacific and is recommended to

be carried out in the summer of 1973.... It is the most important, and certainly
the most demanding, of the observational programs proposed in this document. In
the cloud cluster disturbances important interactions are believed to occur
between radiative processes and boundary layer, cloud scale, meso-scale, and
large scale dynamics.... We oulline what we believe to be the minimum require-
ments for a viable cloud cluster experiment. The general structure is similar to
that proposed by [four or five other groups], but with the recognition that the
larger scale aspects of these proposed experimenis cannot be executed urtil the

existence of a more complete global observation system in the middle or late
1970's.,..." (p. 54-55)

*k
Italics in original text.
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The Conmittee then goes on to describe the recommended experiment. The Marshall Islands
chain is believed to be meteorologically most suitable, and alsu logistically feasible. The
emphasis is on the observation of each scale by the most suitable methods, the inner network
of atmospheric sounding systems (a mix of rawinsondes and low-level tethered balloon systems)
of 150-200 km spatial resc.ution in the lowest 2000 m, i0 be placed within a surrounding net-
work of abcut 400 km resolution, to be composed of ship and island-based rawinsondes, although
the out2r ring of this network could be replaced by two jet aircraft if a proven wind-finding
dropsonde system can be developed. (Speaking for myself and many others, I can think of no
more important development for reccnnaissance aircraft of the future than a wind-finding
dropsonde of comparable output to the rawinsonde, both for research and operations.) Back to
the cloud cluster experiment, there are important rcles for weather radar sets, a visual and
infrared geosynchronous satellite, and about 10 aircraft, several with highly sophisticated
flux measuring capabilities. A final requirement is for a well-equipped analysis and control
center, with computer processing of much of the data on a nearly real time basis.

I hope that even this brief description of the status of this one important segment of
the tropical part of the GARP has sufficiently highlighted its importance. complexity and
also its opportunities. 1 can think of no challenge more stimulating in all of meteorclogy
than the one of designing and carrying out 'his program successfully.
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SYNOPTIC ANALYSIS MODELS FOR THE TROPICS
R. H. Simpson

National Hurricane Center, Miami, Florida

Aralysis models for the tropleoail Atlaniic used operaticnally at the National Hurri-
cane Center, Mianwi, are definci, and the experience in applying these models with
the nelp of the meleorolouglcal satellite is discussed. Hurricane seedlings--rain
disturbances frcm which severe tropical cyclcnes may grow--occur in large numbers
ami from many sources, However, only about 10% ever acquire gale or hurricane force
winds. Of thosz which do, one in five develop in temperate latitudes from an in-
itially barcclinic environment.

Machine analyces and prediction of disturbauces in the tropics are presently imprac-
ble, first hecause of the difficulty in filtering the transitory features of
'ulation while retaining the conservative pronerties; and second because verticity
expresses itself mainly through horizontal wind shear wiich is 4ifficult to describe,
Tre Tirst prollem may be alleviated by the use of deep layer mean circulation analy-
ses. The se2ond may bt partially cerrected by empirical use of cloud band configura-
tions viewed by satellite.

Tone dynamical prediction of hurricane development may have to await the evolution

of an asyrmeiric hurricene mcael. However, an improvement in hurricane movement pre-
dictions may soon be possitle by applying barotropic preciction models to the ver-
tically averaged c¢irculation ol a iropospheric layer whose deptih is proportional to
the central pressure of the hurricane.

I. Introduction

If the meteorological satellite has opened new doors of opportunity for tracking disturbances,
it has also confronied the tropical meteorologist with a hierarchy of new weather interpre-
tation protlems. This has led to & re-examination of synoptis analysis models as to validity
and etficaciousness,

The Naiional Hurricane Cenier (NHC) et Miaml, Florida, through cne of its supporiing branches
the WMO Regional Center for Tropicel Metcorology (RCTM) has beern conducting such a re-
examinatior during the last three ycars, with the result that some analysis rwodels have been
redefinec to enimnce their operational usefulness. Tnls paper is concerned with these models
and with the implica.ions of experience in applying tnem.

In view of the ract that many papers presented at this Conference have been concerrned with
verious applicetions of computer .(coraolol, L kLould explain at the outcoet *thet the medelc
discussed here refer to those useq 1. uana wialyevs at Mlaml. For reasons wnich we shall
soon discuss, our urderstanding of tropical disturbances and thelr growth has not yet reached
the point that machine analyses can be devised to deal effectively with these systems. This
ie not to say that very adequat mws-hine analyses and prediction models cannot be applied in
the ‘ropics if one is willing : ', ‘re the numerous, persistcnt, and generally benign syn-
optic scale rain disturbances. .0 15 €9, however, 1s to ignore the most ilmportant product

of tropical weather, the hurric- &,. its antecedent conditions.

For this reascn the role of the .wiputer at Mlaml {s mainly for dlagnostic and for data
handling purposes, except for the ol jeotive predictions of hurricane movement.

II. Redelinition of Models
A synoptic analysis model gererally sirives to relale a unigue circulalion property or system
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to a characteristvlc pattern of weather with which it tends to be asscciated by virtue of the
circulation dynamics. Synoptic models in the tropics have not always attempted to describe
circulation dynamics except by inference, and in some instances have alladed only to cloudi-
ness patterns without reference te clrculati::n properties. Tne redefinition ¢f models now
in use at NHC docs not entirely alleviate these deficiencies, but does attempt to encourage
the ana.yst to look a tit deeper into circulation properties, including the irteraction
between several scales of mction, to explain the migratory weather patterns he observes
(Simpson et al, 1963).

The five models presently identified in aralyses at Miaml are defined as follows:

a. Intertrcpicel Confluence (ITC). A neerly contlnuous "fluence line" representing the
princzipal asymptote of flow in the egquatorial trough.

b. Sheacline. A line of maximur horizontal shear frequerntly associated with the remnant
deformav.on of cldé frontal zones which have reacned a baroiropic environment.

¢. Trupi 2l Wave (TW). A trough or cyclonic curvature paximum in the irade wind easterlies.

d. Tropical Disturbance (Tg). A discrete rain system generally 100-300C miles in diameter
of non-Trontal, migratory chararter.

e. Tropi-al Depressiow (Te)- A 7. with closec circulation in the lower trcposp:
muwe (Sustained) winds lLess than 3+ knots,

3
ol

e, maxi-

1)

Here the TIC is defined as a circulatlon entity rather than a 2ore of wealher, Experience

shows that! the sc-called irter-tropical convergence zone irvolves cloudiness wnich may be

asscociatec. with wind speed convergence, with confluent flow, with cyclonic eddies, or e i
comblinaticn of these. It seems more appropriate for purposes of analysis to define a cir-

culation entity whichk has tiise continuity regardless of the continmuous or discontinuous

character of the assoclated clondiness, rather than %o identify ihe ITCZ clcudiness by a

pair o7 "railread wrack” lines ol var width whichi 40 noy relate even implicitly to cir-
culatisn properties. Figure 1 Shows en example of the ITC as delired here, based upcn a
streamline analysis of the 3000 ©t. level.*

g

Tae suhear Zine is & mere commpon source of tropleal c(yclorenesis thar is usually acknowledged,
and more Ww.1ll te caid of inis later.

Tre term 1ropical wave is used as e more general vlassification of tredc-wind wave disturb-
ances that <hat oI eaczerly wave. It includes not only the tarciroplic easterly wave which
ve row telieve may be unique to *the Atlantic Ocean but alsoc the upper-level cold low which
is refrlected a* the surface, the tra in the trade winds imposei bty ar ITC disturbance,
and tre itrough which stems initially ivom & discrete dlsturvance ¢ a shear line,

Arproximately half the uvroploal waves identified in irne RCTM analyses cduring the last two
years were Tirsh ceteciwd over easicrn Africa. As they progressed westward acruss Dekar

prves

into the Atlantl. with some reaching the Lesser Anbilles tirme <ross sections nhave shown
these to have tne siructure of the barcoiropic easterly waves ‘eacrioe_ by Riehl (1945}).
Figure 2*¥* stows a series of such waves over the Africarn contirent. The evidence still
accursulating, tut as yet incornclusive, suggests that the barciropic easverly wove may

irceed have a uhique scurce in the semi-permanent trough west cf the Abyssinian Flateau.

Tne cloudiness associwted with zropical waves from Africar sources (see Frank, 1%6¢9) is
oTven widespread and usually includes a systiem of convective cloua tards aligned in a

* Tals TOE chart (Top of Exman Layer) is nominally ar analysis of flow 3000 reet above ihe
urface in which shipboard wind directicns are assumed to be conserved with heignt,

*#®Analyses courtesy of Dr. Tcby Carlson, NHRL, Miami
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pattern resembling an inverted "V'. Figure 3 shows the clovt palterus viewed bty satellite in
connection with an inverted "V" wave disturbance.

Mary synoptic scale algratory rain systems viewed by satellite move into areas of abundani
surface and upper-air otservations without reflecting thelr presence in the dynamics of
circulation in the syroptic scale. In at least one instance (J. Simpson et al, 19.7),
synoptic analyses of such a disturbance were supported by sub-synoptic scale data from a
research aireraft with nc evidence of vortici<; or divergence patterns emerging to supporrt
the organized convection in the system. Apparently such systems are sustained by a subtle
interaction between the synopiic and convective scales of motion. HNevertheless, thiey are
luportant entities to trooical cyclogenesis because of the large continual releases of
latent heal over discrete areas. Therefore, they are identified and tracked from day to
day by satellite and identified as Ti's. The tropical disturbances, as defined, 1s the basic
generic rorm wiich in successive stages of developmen. may become a troyical wave (TW),
tropical depressior. (T.), and ultimately a tropical storm or hurricane.

IIY. Hurrilcane Seedlings

While the imreiiate objective of tropical analysis models is to permit systematic ldentifli:ca-
tion and tracking of weather producing systems, the ultimste goal is “o keep tabs on those
disturbances which may produce severe siorms and hurricanes, and to aid in understanding anc
predicting these developments. Before discussing the hurricane seedlings in the traditional
trade-wind environment, it should te pointed out that at least 20% of the namei tropical
cyclones in the Atlantic develep from disturbances which uriginate in temperate latitudes.,
Indeed the majority of these are tred in an initially ta—oclinic environmen%. 1initial accel-
erations and surface pressare falls protably stem mairl:: Tram taroclinic instabilities.
Figure 4 shows a typical development of this kind ir which circulation acceleration begins
in a frontal wave disturbance., This is followed by repid rices in geopotential in the middle
troposphere and the disappearance of frontal propertizs. Low-level {forcing action tnen
entrains mass intoc the residual lov-pressure center. Finally, with esiablishment of mass
circulation organized convection releases latent heat in patterns which account for further
pressure falls.

Ir. the five-year period 15904-19%53, & “ropical
acquired full hurricane forze.

-clores develooed in this manner, $§ of which

P

Hurricane secclings in the troples frequently rave 2 long over waler history tefore finding
an envi:ronment faverable for intensificatlon as sinied earlier. Many of these originate

cver Afrlca. Since the troplcs are illeda with migratory rain systems, most of wnizh are
trensitory in character, it beccmes a daily task of the amglyst to try to "separate wheat

from chaff". This cannot yet te done objectively. FKowever, experience does provice a few
dependable guldelines. Firsy, intensilication does not cocur in a disturbance which orig-

ira*

deLan

o the ITC unLtil iL breaxks 71 and ber-mes connt ed in the trade winds,

s+ 1t is the small irnteise convaciive systems uswlil;” 1.i1c separate from oiher large
cloud entltiles, which offer the greatest threas for repid 1nbensifiuauion. Large sprawling
convertive systews generally remair benigh.

"~

For the past two years a caret 2 census nas bveen xept of disturbances in the Atlanti: hur-
ricane telt. Flgure ¢ 5nhows schematically the regional origins of these seedlings, and
Teble ) shows the cemparison of dtsturtances in 1967 with those of 1968, Since only atout
T in 10 seedings succzed in developling gele or hurricane force winds, it becomes more of a
challenge 10 1dentify the conctralints o hurricane formation than to sperify the environmernt
which mapy permit developrent.

IVv. Identifyinyg che Conservative Clrculation Patterns

mF87 ore views & movie of cailly <louc patterns in the tropics seen from the satellite, it
lately appavrent that a large porticn of the cloudiness is of low persisience,
L1y asscciated with ¢ silory systems.

Lrwed i
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Figure L.

STAGE IIT

Development of & hurricane from an initially baroclinic environ-
ment. Approximately one out of five hurricanes have their origin
in a frontal wave or shear line in wbich ipnitial pressure falls
probably come from baroclinic accelerations. As the convection
becomes organized subsequent pressure falls are due to the
release of latent heat.
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Such a technique will e tested operationally this summer. This will draw upon deep layer
mean circulation analyses, smoothed horizortally to remove hurricane size ecdies. Changes
in this smoothed flow will be predicted varotropically, and the point vortex moved with the
changing flow. Depth of the mean layer will vary with the central pressure of the hurricane.
Preliminary tests have glven good results. The strength of this method is expected to be in
the predicted directisn of movement rather then speed of movement.

VII. Octlook for the 1570's

With the advent ¢f new data collection systems including SIRS and IRIS satellites, machine
analyses of the tropical circulations will probably become adequate to describe the input
of the tropics to temperate latitudes, and for such purpsses as may be required by Aviation
for enroute wind andi temperature data. However, none of the systems which are now "in the
wings" for use {n the 1G¢70's is likely to describz the interacticn betwcoen couvective and
synoptic scales cf motion sufficiently well to permit reasonable numericel predictions of
the movement and development of disturbs=nces.

The gueatest hope lies in the diagnostic use of the conventional satelllte to parameterize
the distributivn of vortizivy from the coniigurations of convective cioud lines and ciusters,
and the Jvdicious use of geocentric satellites to obtain both low and high-level wind
velocities from meesured cloud movements.

The use of mean layer circulations as a btasis tor prediction may lead to considerable im-
proverenrt in prediction of hurricane movement, if rot the survival and development of hur-
ricane scedlings.

TABLE 1

Monthly Comparisons of Atlantic Trorical Systems in 1957 and 1968

DFPRESSIONS DAKAR _WAVES

167 198 167 168
Jen-May - 2 - -
June L b & 7 (1)
July 2 2 B 15 (1)
Aug 7 2 7 15 ()
Sept € T € i (1)
oct 10 2 3 g (3)
Nov=-Dec 0 z - -

EE] 2 EY 57 (10)

( )+ 1ITC disturbances which passed south of Dakar and would not
have been consfdered in 1967.

Table 1. A comparison of the tropical disturbance censuses
for 1958 and 1947.
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This transitory character rcflects itself in the analysis of tropical circulations where,
in weak fields of motion, circulation anoralies percentagewlse may be large, and the analyst
must find a mears of separating the transitory from the conservative perturbations. This 1s
one reason why it is difficult to make machine analyses of tropical circulaticns which prop-
erly identify ard describe dlsturbances. And, of course, this difficulty 1imits the effec-
tiveness of predicticn models.

In seeking some effective means of filtering the transitory pstterns and retaining the con-
servative features of circulation, the NHC has ror the past two years placed emphasis on

the analysis cf deep layer meen charts which, experience shows, comes close to accomplish-
ing this objective (sece P. Simpscn, 1969, Regional Technical Memo.47). The three funia-
mental charts used are the 100C-£CO mt and 600-200 mb layers and the troposphere wean shear
chart consisting of the subtraction of the two mean layer analyses. An example of these is
shown in Figure 6, These circulation charts have consisiently revealed the contervative
features of cir~uleiion, and generally have shed those transitory features many of which are
prominent at only one level of analysis. The thermal vind chart has beeir useful in identify-
ing the areas of minimun vertical wind shear, a condition which is necessary for development
of hurricanes (Gray, 1953). For the present we conslider that these charts comprise an opti-
mel desciption of flow patterns for dlagnostic if not for prediction purposes.

U. Predicting Development

To descrive a field of sireamlines is one thing and can generally be accomplisiied with good
approxiration in thz2 tropics. To des:cribe the distribution of vorticity or divergence is
quite another thing. In the tropics this is especially difflcult because vorticity, except
in tropical cyciones, 1s almost entlrely expressed through horizontal wind shear, while
divergence often depends as much upon gradients of wind speed as upon diffluence. reover,
as noted earlier many syrnoptic scale migratory dlsturbances seem to be susiained by vorticity
patterns whick mey result from iie interaction of convective and synoptic scalesof motion.

Yet, the success of a predi~tion model deperds upon an adequae initial descrirtion of the
field of vorticity or divergence. Obviously, vhat may be adeguate for large scale circula-
tion patierns are patenily inadeguate in the tropics for disiurbances of the size we have
discussed here,

There 1s litile hope to cbtaln cbservations at close enough intervals to describe such
motions explicity. However, there ls & possibllity of relating certain convective cloud
clusters and confilgurations viewed by satellite to the vorticity distributions in the im-
mediate enviromment. Spiraling curved cloud tands frequently appear in a fleld of nearly
streight flow. Quite pessibly these may provide a means of parameterizing the horizental
wind shear &nd thus the vorcicity of the environment. Ultimately such indlrect corstraints
to analvsis as this may provide an adequate basis for prediciion. An experiment with this
in mind will bte attempled at NHC during the coming year.

VI. Predicting Hurricane Movemernt

The effective predicuion of hurricane development may have to await the development of an
asymmetric hurricane model. However, the predictlion of hurricane movement may get a boost
scon if preliminary tesis are indicatlve.

First, it must be conceded that the statictical screening methods which have been the prin-
ciple objective ald in hurricsne fcrecasting, probebly have run their ful) course of useful-
ness. The proclem is that there are now so many predictors involved that the hurricane fore-
caster cannot logically ratlcnalize the errors from this method. Taerefore, wvhen the hurrl-
cane is predicted to move eattward on the basis of data at 0000 GMT, then westward on the
succeeding data at 1200 GMT, the forecaster must content himself with frustration, and
usually with a crcision wnich 1s guided mainly by persistence and climatology. What is
urgeully needed 1s s technique which will dependably predict the conservative feptures of
circulation by dynamical means, whose errors have gome continuity in time.
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THE USE OF SATELLITE DATA IN THE TROPICS

Ralph K. Anderson
and
Vincent J, Oliver
National Environmental Satellite Center

For several years, polar-orbiting satellites have given us a daily view of the clouds
over the entire area of the tropics. T[Irom these plctures, we have learned how to
interpret the clouds in terms of upper and lower tropospheric flow, to identify tropi-
cal storms and to estimate their intensity, This knowledge is now being applied to
daily synoptic analysis. These data, by means of different forms of processing, have
given us new information on:

. The cloud climatology of the tropics;

The day-to-day motion of systems in the tropics;

The formation and extent of the ITCZ cloudiness;

The formation and development of tropical storms, and

. The existence and position of high level wind maxima which carry moisture
and energy from the tropics to higher latitudes.

[V S SR S S
.

New data are now becoming available for operational use. These include movies from
ATS-1, temperature soundings from SIRS on Nimbus III1 and HRIR data from Nimbus III.

This paper presents our latest findings from the satellites and illustrates them with
selected movies showing the weather in motion., Satellites of the near future and
their application possibilities are discussed. These include the use of moisture
sensors from Nimbus, atmospheric soundings from satellites, and the IR telescope data.

I. Introduction

With the advent of sateliite observations nearly a decade ago, tropical meteorology entered

. a new era. The ability to observe tropical cloud systems globally, and on a daily basis,
has greatly increased our understanding of the circulations in the tropical atmosphere,
Satellite cbservations have settled many arguments, For example, we ncw have a much better
knowledge concerning the nature and extent of clouainess along the I[ZZ, But at the same
time, these data also reveal many new phenomena that await explanation,

Today, satellite observations are being used in almost all areas cf tropical meteorology,
both applied and research. The operational meteorologist has come tc rely heavily on daily
satellite data as a diagnostic tool for analysis and forecasting. The research meteorclo-
gist has access to an abundant amount of data from a wide variety of sensors with which to,
attack problem areas, This paper briefly sunmarizes where we presently stand in our appli-
cation of satellite data to trupical meteorology, and what we may expect in the next five
years.

I1. The Use of Data in Daily Synoptic Analysis

i Synoptic meteorologists dealing with the tropics use the daily ESSA pictures to locate many

i features of the tropical circulation. These include tropical cyclones, the ITC, low level

' shear lines, lower tropospheric wave disturbances, the subtropical jet, upper tropospheric
vortices and the upper tropospheric mid-oceanic troughs. All of these can be identified

¢ and tracked from day-to-day (1), To do this, various aspects of the clouds are examined.

Cioud organization and the distribution of cloud type and amount are used to infer the flow
pattern for both the lower and upper troposphere. For example, the upper tropospheric mid-
oceanic tioughs, a common feature of the large-scale circulation over both the Morth Atlantic
and the North Pacific during the summer, produce a recognizable cloud distribution. Portions
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Figure 1. Mid-Pacific trough, 0000 GMT, .eptember 7, 1969. A computer montage of the satel-
lite data for a portion of the North Pacific Ocean is shown at the top. The same
: satellite picture appears at the bottom with the surfece pressure analysis (black)
i and the 250 millibar streamline analysis superimposed, Black arrows represent
surface wind direction. The ares of minimum cloudinegs southwest of P is located
: in the upper level trough while P and ¢ are cloud formations associated with vor-
: tices along th. trough. Cirrus clouds extend northeast from the cloud mass at R
in the southwesterly upper level flow east of the trough. Cirrus plumes at § in-
dicate northeasterly flow west of the trough. The vortical cloud pattern near T
is associated with a weakening tropical storm. -
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of the trough axis are associated with a cloud minimum. Long streamers of cirrus cloud are
often present in the southwesterly flow to the east of the trough line. When the trough
is in the form of an upper level shear line, the shear line lies immediately northwest of
the edge of this cirrus. Upper level vortices are often present along the trough, These
have identifiable cloud systems which, besldes locating the vortex, help to define the trough )
axis. Figure 1 shows an example of the clouds associated with a mid-oceanic trough, :

Fm
E

Cirrus formations are used to estimate upper tropospheric wind vectors. In the tropics,
cirrus plumes from thunderstorms, aerd the cirrus formations along subtropical jets, cau be
interpreted in terms of representative 200 millibar winds(2). For the past two years, the
National Environmental Satellite Center has provided such wind estimates on an operational
basis to the National Meteorolcgical Center,

Pictures are examined in the light of new models which describe the evolution of the cloud
formations and patterns which accompany synopcic-scale disturbances. These models are based
primarily on satellite data. Frank(3) has described the inverted 'V’ tropical wave formi-
tions that occur in the Atlantic; sadler(4) tas modeled the cloud formations produced by
upper tropospheric cold core lows in the central and eastern Pacific, whiie Fert(®) and
rujita(6) have proposed models which describe the evolution of disturbances along the ITCZ,
Although these models must be considerad preliminary because of the limited number of cases

on which they are based, they do provide considerable assistance when applied to daily anal- ™
ysis.

A classification system for tropical storms based on cloud system appearance and size is also
in use(7), This system provides information regarding the intensity and stage of development
of tropical storms and also yields an estimate of the storm's maximum surface wind. The
system has proven quite successful in diagnosing the intensity of tropical cyclones in the :
absence of other reports.

III. Interaction Between Low and High Latitudes

Satellite data ave supplving research meteorologists with nrew insights with regard to the
interaction between low ana high latitudes. Of particular iuterest are the bands of cirrus
(figure 2) which are associated with high level wind maxima. These play an important role
in the export of moisture and energy from the tropics. Studies show that the cirrus clouds
are associated with these maxima, In the Northern llemisphere, the cirrus first forms over
or just to the north of the equatorial cloud band. 1In both hemispheres, the region of
stronzer upper level current is detectable poleward from the point where it picks up mois-
ture frcm tropical convectieon, Measurement of cirrus motions show that the air is accelera-
ting and turning anticyclonically as it moves poleward. TFigure 3 shows the geographical
distribution ¢f these bands during the year ending May 1969. In each hemisphere, the bands
ocecur most often during the winter season. The asymmetry reveaied here is an important
characteristic of the general circulation which must be adequately explained.

IV, Cloud Climatology from Digitized Data

\"hen satellite imagery is averaged with time, a form of cloud climatoloev results., A series
of averages for the tropics have recently been compiled from 1967 data(3), Thirty-day and
90-day averages were produced. The averaging was done photographically using the wmapped
digital data firom ESSA-3 and 5. The result is an average brightness wmap for mid-afternoun
local time from 40°N to 30°S.

The 3C-day average over Southeast Asia for January 1967 is shown in figure 4. This treatment
of the data shows how terrain efiects and local circulations affect the mean cloud distribu-

ien, Note the minimum of clouds west of the northern Philippines (A) and the maximum of
clouds in southern China (B). Both of these effects result from mountain barriers in the
northeasterly low level flow., In Indonesia, the effects of differential heating and sea
breeze circulations concentrate the clouds along some of the island coastlines (7).

Ninety-day seasonal averages are shown in figure 5. These maps reveal the extent of the

equatorial cloud band near the 17CZ and show its migration and changes with season. They
also show the extensive cloud minimum in the tropical eastern Pacific which is associated
with the cold upwelling along the south equatorial current. Maps such as these reveal at
a glance the climatology of tropical cloudiness and allow us to studv the effects of long
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Figure 2. Subtropical Jet Stream Cloud Formation, November 19, 1968, The cloud band from
A to B is associated with an upper level wind maximum and represents a poleward
transport of moisture and energy from the tropics, Small-scale cloud lines (C)

oriented perpendicular to the main band are typical of this formation.

ot

-oct

Figure 3, Number of days between June 1, 1968, and May 31, 1969, that cirrus formations
associated with upper level wind maxima were observed. The occurrences tend to
fall in eight natural regions indicated by Roman numerals, A and B represent
seasonal occurrence, C represents the total for the year.
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term variations in the general circulation.

V., New Data Becoming Availatle

Three other types of satellite data are now
available on a limited basis for operatfion-
al applications., These include pictures
from the gecstationary satellite ATS-1,
temperature soundings from a multi-channeled
spectrometer (SIRS) on Nimbus III and high
resolution infrared (HRIR) data, also from
Nimbus III,

A. ATS-I Data. The ATS satellites,
positioned over the equator, take pictures
of the same area at frequent intervals
during the day. These pictures, when
viewed in rapid sequence (movies) make it
possible to watch a whole day's tropical
weather develop, These data also make it
possible to compute cloud velocities at
both the trade wind and cirrus cloud level,
Research shows that the measured cloud

motions are representative of observed wind Figure 4, Thirty-day photographic average
speeds{9), and that they can be used for of the digitized ESSA-3 data for
detailed analyses of the motion field in January 1967(8) .

the tropics(ég.

ATS-1 pictures (figure 6) are now being received daily at the National Environmental Satellite
Center, and are then processed in the fcrm of movie loops. Procedures are being developed to
provide wind information to the National Meteorological Center on a routine basis. Movies

are currently availablie for viewing within two hours after the final picture of the sequence
is transmitted from the satellite.

The ability to view cloud changes through the day in semi-real-time is producing many new in-
sights as to the processes which produce cloud growth and decay in the tropics. They also

Figure 6. ATS-1 picture for 2045 GMT, July 6, 1969,
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reveal many new phenomesna which remain te be
studied and explained, The effect of gravi-
ty waves on cloud fields is an example.

-

B. SIRS Data, A Satellite Infrared —
Spectrometer (SIRS) on Nimbus III provides [
temperature soundings (figure 7) along the —
satellite track for that portion of the at- ”F:‘
mosphere that is relatively free of clouds
(10§. Despite this restriction, a sampling
rate of every 30 miles along the satellite
track provides sufficient data to produce
complete soundings spaced along the satel-
lite track no furcher apart than four degrees
latitude, or approximately one NMC grid
length, These data are currently being uscd
ior the operational Northern Hemijsphere
analyses, Evaluation of the data is pro-
ceeding for use in the tropics and Southern
Hemisphere.

]
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C. HRIR Data, The HRIR data in the 3.4 = l

te 4,2 channel from Nimbus III can current-

ly be read out directly by the operational TewALTIRS 1ok

user, These data are proving useful in

studies of diurnal cloud changes over the Figure 7. Sounding for Kingston, Jamaica

tropical oceans. We can now observe direct- (s5lid curve) obtained by infra-

ly how diurnal changes in convection affect red spectrometer on Nimbus III,

the cloud systems associated with weak trop- Temperature sounding from radio-

ical disturbances, sonde data (dashed curve) is
shown for comparison,

Sea surface temperature mapping is a8 second important application of IR data to the tropics.
Procedures are currently under development both at NESC and NASA to obtain the ocean tempera-
tures (warmest return) by filtering out the colder return from clouds. Since large-scale
ocean temperature changes occur slowly, time averaging procedures can be used. Bjerines, in

a recent paper has discussed the changes in the planetary circulation which result from
year-to-year in the sea surface temperatures of the eastern tropical Pacific. Smagorinsky

has also pointed out the importance of obtairing sea surface temperature data on a regular
basis for input into long range global prediction models(12), This type of data will certain-

ly play an important role in the studies of tropical air-sea interaction in the immediate
future.

Vi. Outlook for the Future

At the present time, ESSA-8, ESSA-9, Nimbus IIT and ATS-I provide daily data for input into
operational analyses of the tropics. Movies from ATS-II and ATS-III, and cloud climatology
produced from ESSA data, are providing new insight into tropical circulation from the convec-
tive to the planetary scale, Within the next year, our operational satellite system will
provide scanning radiometer data for both day and night. Within four years, a geostationary
operational environmental satellite (GOES) will monitor the earth continuously for 24 hours

a day. This satellite will be equipped with sensors for the vigible and infrared which will
allow us to follow storms through their complete life cycle. It is now technically feasible
for the daytime portion of the GOES data to have a resolution of one-half mile, The GOES
satellite will also be capable of relaying information from remote sensors at the earth's
surface, Other data will also be ava.lable from NASA research satellites. These developments
promise to make the 1970's an exciting decade for those working in tropical meteorology.
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RESULTS AND PLANS OF THE AFCRL, UNIVERSITIY OF HAWAIL
1 WW TROPICAL METEOROLOGICAL RESEARCH PROGRA

Thomas J. Keegan
Alr Force Cambridge Research Laboratories

In 1966, the Satellite Meteorology Branch of AFCRL, Hq AWS, and the Dept, of Geo-
sciences at the University of Huwaii, under contract to AFCRL, emberked on a joint
program designed to proviae forecasting guides for the Vietramese area. In order
to insure effective and rapfd communication between those doing the research aud
thoie in the field, the 1| WW assigned two officers fu'l time to the University to
narticipate in the rescarch, bring the results to the field, train the personnel
and learn the naturc of probiems encountered in forecdsting 1ot the nultitude of
operational missions. Although satellite data were relied upon heavily In tne work,
any and all data were exploited to develop forecasting vules., At tne University of
Hawaii the approach is synoptic, i.e., idencifying the significaat features of the
circulation and how the weather respgonds to their variation. The approach at

AFCRL has been objective and scatisti:al. Beth %echniques have produced userul re-
sults whicli are discussed. Plans coll for a continuation of chis work under the
present arrangement for at least another year and 4 half. Factors that will aifect
future research are the political situation in SER, the increasing difficulry of
"inventing" quick-fix solutions, «nd the results of discussions now teiug conducted
between AWS and AFCRL on ways to make the research effort moce relevant to AWS

needs .

I. Intioduction

The joint program anong the AWS. AFCRL and University of Hawaii began in early 1966, At that
time the Satellite Metecrology Branch was planning 2 prcgram of reseaveh for STA using the
forthceming Nimbuc 11 data. (Previous satellites provided only poor coverage of that area.)
The 1 wea Wg had approached the Dept, of Geosciences at the University of Hawaii to determine
1f it '7as possible to get assistance in SEA forecasting through sa AFCRL contract. Finally,
the University of Hawaii was comuleting its commitment to the Indian Oczan Expedition and
weculd have personnel available tc work on an enlarged AFCRL contractual efiort. Ailter joint
consultation, it was decided to

a. increase the level of effort at the University of Hawaii

b. assign 1 WW personnel to the University Ln participate in the research and act as
liaisons to the field

c. direct all ir-house resources of the Saleljite Meteovology Branch to SFA studies
411 these ob,ectives have long since been schieved and the program is now nearing the end of
the third year of what is generally agreed to be a successful effort.

To forcstell any confusion that wmight arise, 1 want to point out that this program is not
what sone would consider research in tropical meteorology or satellite meteorology. It is o
study designed to provide analysis and forecasting aids for tue 4WS units working in and tror
the SEA area. In the sense that SEA is in the tropics, knowledge of tropical metecrology is
both exploited and exranded. All sources of data are used but because ¢f the particular
interest in satellite data, tliey raceive some extra coansideration.

The program can be broken down into 4 phases as foilows:

a, Forecasting recearch at the University of Hawaii which is oriented towards the

synoptic-analytical apgroach
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b. Forecasting research at AFCRL which is objective-statistical in nature

¢. Development of techniques at AFCRL for optimizing APT products
d. Training of AWS personnel in results of forecasting research and APT optimfization

II. Forecasting Research at the University of Hawaii

Professor James Sadler is Principal Investigator at the University of Hawaii.

2 officers from Hq lst Wea Wg are assigned full time duty at the University,
are Lt. Col. Brett and Major Harris.

In addition
Currently, they

The thrust of the work at Hawaii is towards utilizing the features of the syncptic analysis to
specify and predict the weather (1, 2, 3, 4). Emphasis had been placed on target areas in the
north. The satellite data are used in research to define the weather conditions and assist in
the analysis. Operationally, they are used for improving the map analysis. The approach 1is
to determine what features of the circulation bring about changes in the weather and then to
establish the predictability of the key circulation changes. In other words, the aim is to
develop a series of synoptic models for the area.

One of the shortcomings of this approach is that the personnel in SEA are for the most part
inexperienced in the tropics in general and SEA in particular and with only a year on duty
there, they do not have much time to exploit the experience they gain on the job. Fig. 1 is
taken from training material prepared at Hawaii and illustrates the major synoptic features of
the southwest monsoon season. Fig. 1A shows a simplified trade~wind flow with subtropical
anticyclones north and south of the equator. In Fig. 1B, the intcoduction of & trough between
the anticyclones requires that a second clockwise system be introduced, Sadler calls this
system the buffer anticyclone. If the features cf Fig. 1B are mcved gouthward, the buffer
anticyclone could be located on the equator as in Fig. 1C, and can be called neither a

cyclone nor anticyclone. Fig. 1D shows a more realistic circulation regime for the SEA area

with the major synoptic features - the subtropical anticyclone, mcnsoon trough and buffer
system identified.

Fig. 2 brings us closer to reality with an illustration of the July, gradient-level, resul-
tant streamline chart., Again the major features of the circulation are indicated. It is the
change in location and intensity of these features as illustrated in the next two charts thac
brings about changes in the weather. Fig. 3 shows the 700-mb chart for 1 July 1966, Strong
mid-latitude westerlies have forced the western end of the subtropical ridge far to the south
and have '"tied" it in with the buffer system. The monscon trough, what there is of it, is
oriented N-S along the east coast of Vietnam. Six days later, (Fig. &) the anticyclonic
system has rotated northward about its eagtern end and extends across SEA into the Bay of
Bengal. The monsoon trough ends at the northern coast of tne Bay of Bengal and a new buffer
circulation has formed near Singapore. It turns out that this particular sequence of north-
ward advance of the buffer system {s associated with a singularity. During the first two
weeks of July there is a dry spell in southern China which has been exploited since ancient

times to harvest the first rice crop of the year, It alsoc brings several consecutive days of
clear weather to the Hanol region.

Another event which brings clearing to the north is the presence of a tropical storm or
typhoon within the area, 15N to 25N and 115E to 130E. This clearing is associated with sub-
gidence in the ridge shead of the storm and is effective unless the remains of a previous
stora are still affecting the southeru China or Vietnam areas.

During the winter, northeast monsocn clearing is infrequent and of generally short durationm.
However, as in summer, the key i3 in "ridging" or the development of an anticyclonic flow over
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SEA which causes & reversal of the low-level winds to an offshore direction.

ITII. Forecasting Research at AFCRL

At AFCRL the approach has been statistical in nature with the hope of developing some fore-
cast guidelines which could be applied objectively. We have concentrated on the southwest
monsoon sedason and on the forecasting of rainfall. Because of the unvepresentativeness of
point rainfall in a showery tropical regime, an area rainfall index was deveioped by John
Conover. It is called the Radar Index (RI) and 13 per cent echo coverage on a radar .cope
within the 50 n. m. clrcle of the station. The echo aveas are weighted according to whether
the echoes are reported as widely scattered, scatte:er, broken, solid or cvlls. RI data are
available from Tan Son Nhut, Pleiku, Ubon and Udorrs ie RI has proven to be & good indicator
of the level of storminess on a particular day. Fiy. . illustrates the hourly variation of
the RI at Tan Son Nhut for the summer of 1967. The presentatiocn is arrangec so that the :
diurnal variation can be seen., It is evident that, although there is a strong diurnal :
effect, there is alsc considerable variation in the timing and intensity of the rainfall,

One of our studies explored the relationship between the cloud cover as portrayed on
satellite pictures and the RI during subsequent periods. Correlations wexe run for clouds
vs, 3-hour average RI out to 24-hours and vs. 12-hour average Rl out to 7 days. The cloud
cover was quantized by determining the average cloudiness over l-degree squares from the
pictures, averaging this value over overlapping 4-deg squares and couwputing the correlation
for each 1 deg.

Fig. 6 1llustrates the digtribution of correlation coefficients for Tan Son Nhut for the

12 -hour period from 1230 to 2330 local time. The maximum correlation coefficient is 0.55.
The elongated shape of the correlation maxima agrees with the location of a cloud banli that
was noticed on satellite pictures during active days before any computations were periformed.
Regression equations have been computed for the relationship between subsequent RI ard the
point of maximum cloud-cover correlation. Based on one year of dependent and one year of
independent data, the predictions for 12 hours at Tan Son Nhut and Ubon were an imp:ovement
over persistence of the previous day's RI and c¢limatoiogy. At Udorn they were better than
persistence, and at Pleiku persistence was the best predictor.

Figure 7 shows the mean gradient-level streamline charts for high and low (tertile 1 and 3) RI
days at Tan Son Nhut on the top and the corresponding averzge cloudiness on the bottom.
Cloudiness is coded 1.0 for clear and 3.0 for cloudy. Thin cirrus clouds were not included in
the computation. Notice that in agreement with results at the University of Hawaii, the
active days are associated with west winds south of the monsoon trough. On inactive days the
wind has @ more southerly component. For the four stations studied the monsoon trough was 6
to 7 deg north of each station on active tertile 1 days and weak and far to the north on
tertile 3 days,

It i8 not possible to discuss all the [acets of the work we have done along these lines but
note should be made of some of them. For example, relarionships have been established
betweer cold cloud areas in the infrared and subsequent R.I. The general area and value of
the maximum correlation coefficient corresponds with that of the daytime correlations.

A siwple, but effective, relationship has been established between the early moruing gradient-
level speed and the height of radar echoes in the vicinity during the afternoon and evening.
Paradoxically, days when the radar echoes exceed 45,000 ft are not generally those cate-
gorized as active by the R.I. This may be a result of wider,.ead storminces preventing the
generation of extreme convective circulations. Studies by Major Harxis (3) showed that the
soundings in SEA were more convectively unstable during inactive than active R.I. days.
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Results of in-house work have been prepared in manuscript form and sent directly to the field.
A printed version will appear in (5).

At Peinsylvania State University, AFIT students working with Army artillery data have

produced several interesting theses. Capt. McKechney did a power apectrum analysis of winds,
tenperatures and pressures, The peaks occurred at 24 hours and at 5 days. This latter period
coinc‘desa with scveral other apparently unrelated pheromena. For example, the RI - cloud
cover correlation drops steadily after 24 hours but ahows 8 small but significant incresse at
5 days. Reanalysis of work of Frolow (6) indicates that a 5-day pressure wave is found in the
Caribbean, Frolow's wave had a velocity of 68 kts. Maruyawa (7) found waves in the lower
stratogphere with a speed of 50 kts and Conover lLas analyzed pressure changes in SEA which
indicate < wave moving frum the east at 60 kts. The general correspondence in the timing of
thege various phenomena lead one to wonder if such a large scale effect contributes to the :
triggering of weather changes in SEA when combined with the proper synoptic conditions.

IV. APT Optimization

Contact with personnel from the 1 Wea Wg has convinced us of the importance of satellite data
for the remote areas in which they operate, Unfortunatcly, APT has grown in a rather
undisciplined manner and this shortcoming is compounded in the military because operating and
maintaining an APT is not a full time job and most personnel do not continuously accumulate
experience, Manuals are available on the maintenance of the equipment and the interpretation
of pictures but again, unfortunately, a properly maintained set can produce pictures which
defy interprecation. This is because each savellite has had slightly different videcon
responses and as the videcon ages this response changes. Nimbus II, for example, when it was
launched had a range or signal amplitude from O dbm for white to -32 dbm for black., A year
later it was +3 dbm for white and -5 dta for black, A facsimile which would produce a good
plcture when the satellite was new could give only a white smear a year later.

An electronic device was produced to enhance the pictures but the operating instructions were
vague and no systematic procedure for o.timizing pictures was presented.

Our emphasis has been on the Muirhead photofacsimile Lecause this equipment is available in
SEA. Techniques have been developed by lx. Robert Myers of AFCRL (8) for the optimization of
pictures. The Muirhead has built into it the necessary flexibility to adjust the marking
current or, in this case, crater tube current to produce a good picture under almost any
conditions.

What has been dene for the Muirhead is to develop 3 procadure which details how tc determine
the relationships between (Fig. 8)

&. cloud brightness and sateilirte signal amplitude or the imape to signal couersion
function

b. signal amplitude and crater current, or the gray scale fuaction

c. crater current and light output or condition of the light source

d., light output ard reflective density or image production function
All of this can be done internally on the machine with the exceptim of step a. This has to
be done experimentally by reading brightness values from a plcture and a teat gray scale with
a reflective densitometer. We have provided these instrciments at four sites in SEA, The
actual setting of the gray scale is done by putting the appropriate signal amplitude - crater

current relatiomship into the machine b; means of a series of notentiometer &adjustments.
Thie ran be a somzwhat tedious task, gince the potentiomecers do not function independently,
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and the values must be reiched by an iterative process. To overcome thig difficulty,

Mr. Myers and Mr. Sprague have designed and built a device that allows the siznal-crater
current curve to be displayed on an oscilloscope. If the desired curve Ls plotted on the
face of the scope in grease pencil, it only takes a few minutes to set the relationship into
the machinz since the effect of each potentiometer adjustuent can be imuediately seen. Fig. 9
shows typical APT and NRIR curves as they appear on the scope. The DRIR curve is much more
critical because small changes in crater current produce large chinges in reflective density
since the scan speed i3 only one-fif:h of tne APT,

We are having five of these devices and the display oscilloscope prodiced for distritution to
Muirhead sites fu SEA., They should be deljvered Ly ctober.

In pasaing, it should be noted that this calibration cechnijue makes it possible to get quan-
titative temperdture valves from DRIR presentations if the sateilite radiometer system
funccions are stabilized.

V. Training of Field Perscnnel

Communication of results of the joint SEA program to operational personmnel is & continucus
process and utilizes a significant fraction of the total resources. Since the summer of 1967,
the lst Wea Wg officers assigned to the Univergii; have alternated on quarterly trips to
Saigon to bring the lutest results to the field. Prof. Sadler has accompanied them on

several occasiors. They spend approximately two weeks conductiag seminars, providing
individual assistance to forecesters and standing forecast shifts to assist in the application
of the techniques to real situationa. On several occasions, they have been able to provide
forecasts on which the Air Fcrce planned dnd executed maximum-effort missions. Following
Saigon, they visit the 20th Wea Sq at ¥Fuchu to present the techniques and provide consultation
on how the weather central might be able to give additionel assistance to the detachments.

Forecasters on their wvay to SEA stop at Hawaii to receive a cram course in the specifics of
SEA analysis and for:xcesting. Chacts plotted for the research have been sent to Chanute for
use in their tropical training program.

All parties involved have participated in the annual APT Workshops held by 1 Wea Wg. These
meetings have becn especislly useful for informing the field personnel in what they can
expect from their APT sets and how to get it. In conjunction with these meetings, Mr. Myers
has made visits to Saigon, Okinawa, Fuchu ard Hickaw to provide agssistance and training in
APT maintenanre and picture opiimization.

At AFCRL, on five occasions so far, we have provided individual instruction to AWS and AFCS
personnel on tue techniques for optimizing Muirhead picture quality.

Finully, last April, in association with the Navy Weather Research Facility,we held &
two-week seminar workshop on the southwest monsoon. One of ctie highlights of that meeting
was that the AWS arranged to have men attend who were not yet on duty in SEA, but who would
be there this summer.

VI. Future Plans
This jeint AFCRL-AWS-University of Hawaii program will definitely continue through CY-70.
What happens beyond then will be affected by natiunal, AWS and AFCRL priorities. 1 believe

that there are good reasons to keep the concept of such a cooperative venture going. From
the comments we have received informally froa various AWS echeloms, they consider this a very
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successrful effort,

The prospects of fiiding "quick~-fix" forecast techniques is diminishing. Future progress is
going to depend on 1 better understanding of the physical processes which are responsible for
the weather. For e:ample, there 1s poor correspondence between clouds and computed vertical
motions at a point. There is also no relaticn between the RI and computed vertical motioms.
Since convective clouds are visible evide:i.ce that upward motion is taking place, the
suggestion is that we cannot hope to diagnose or forecast tuis scale of phenomena with the
present upper air networi, There are other features which should be investigated such as th:
posaibility of a diurnal sea-breeze type oscillation which some prelimirary evidence indi-
cates affects the entive SEA peninsula. Also, the large-scale pressure waves mentioned
earlier should be subject to further investigation., Undoubtedly, it is some subtle combin-
ation of several scales of events which bring about the weather changes. Since the SEA area
has one of the better data bases in the tropics, Lt would seem o be an ideal place to do
research, Tegardless of the political situation.

Certainly, we hope to continue the consultant program with the help of AWS, Even without the

development of any new techniques, there is still a service that can be performed here for
quite a while to come.

As things stand now, it seems likely that the joint program will continue for an indefinite
period but hopefully no longer than it proves to be a useful errangement, Adjustments will
be made in the approach to the problem and also in the level of effort as the situation demands.

VII. Conclusion

The aim of this joint program i8 to develop some useful guides for forecasting in SEA. In
thie we have achieved a degree of succass. We hdave provided a series of guidelines which
when combined with other available techniques, should provide greater confidence (or some
confidence) in choosing the direction the forecast should take. Procedures have been
developed to improve the ability to interpret satellite data. A "personalized" consultant
service has been made available to the field units. In addition, we have gained new insight
of the complexities of tropical weather and are now able to suggest avenues for further
exploration. We would like to continue working on this puzzle. Certainly, there can be no
question of the success of the concept of the joint program. The cooperation among the AWS
Detachments, Wings and Headquarters, the University of Hawaii and AFCRL is a credit to all.
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AIR WEATHER SERVICE AND WEATHER MODIFICATION

Thomas A. Studer
Major USAF
Air Weather Service

This paper will review the Air Weather Service field program in fog modification that wes
carried out during the winter 1968-69, will outline the objectives for this coming yeer's
work, and will sketch very briefly the advances that we hcope can be made towards achieving
expanded operational capabilities in the early 1970s.

I. The Program in FY 1969

It should be noted, and the FY 69 program illustrates this, that Air Weether Service does not
have an R&D mission as such. OQur efforts are geared to applying operatiopal capabilities or
to doing operational testing on techniques that ere intended to become operational capabil-
itiee. For this reason cur program is currently confined almost entirely to cold fox modifi-
cation. No other sapect of weather modification is yet ready for military emplo,-ent.

Primary emphesis was given to continuing operational support to air traffic transiting
Elmendorf AFB, Alaska (EDF). The major porticn of this traffic 1s C-llls enroute to, or
returning from, Southeast Asia carrying cargo and medicel evacuees. Supercooled fog is the
pgreatest single weather-originating cause of interruptions to the orderly flow of this
traffic.

A single WC-130 from the 5Sith Weather Reconnaissance Squadron bszsed at Guam was positioned at
Elmendorf from mid-November to the end of February and carried out seeding operations whenever
supercooled fog interfered with scheduled inbound or outbound aircraft.

Dry ice was used primarily as a seeding agent. Dry ice blocks weighing approxdmately 10 lbs
were fed into & hammermill crusher. The crushed ice was collected in a hopper from which it
vas automatically delivered by a motor driven auger via & slender pipe to & funnel placed in
the dropsonde chamber. A variable-speed motor permitted selection of any dispensing rate
desired.

Seeding patterns were flown upwind of the approach and touchdown area of the runway.
Individual lenes were spaced approximately 3000 ft apart. It was necessary to make the
natterns much larger than actually required because it was so difficult to predict the direc-
tion and Bpeed at which the secded fog would drift.

We were very pleased with the results of seeding at Elmendorf this year. As near as can be
estimated, approximately 180 aircraft landings were made possible and a further 155 takeoffs
were egsisted, The dollar savings in operating costis are evident when it is considered that
to divert an aircraft at Elmendorf costs anywhere from $500 to $1000 or more.

S4lver jodide flares were used in tests o determine 1f they are &3 effective as dry ice as
seeding agents for cold fog. ATO bottles were modified by the Naval Weapons Center to hold
five individual fleres that were electrically ignited from the copilots position. Each flare
burned for two minutes.

As far as it was possible tn determine Agl worked as well as dry ice when it was dispensed
either in the top of the fog or no higher than 200 ft abcve the top of the fog. All tests
vere conducted at temperetures less than =59C.

Central and northern Furope also experiences considerable supercooled fog during the winter
months, althougb, unlike Alaska, the temperature of this cold fog is almoat alvays varmer than
-5°C, To xeip some idea of how effective cold fog seeding would be to support military opera-
tions in Ewope, a WC-130 carried out seeding cperations for three months at three airbases

in West Germeny's Eifel foreat areu.

o,




I

e g PR

These bases were Hahn, Spangdshlem, and Bitburg. The fog that occurs at these sites can be
very dense and persist often for extended periods of time., Hahn AB for example was below
approach minimums in fog for the major portion of the first eight days of last December,
0ddly enough the surface wind during this period was frequently in excess of 10 knots.

We learned two basic things from these seeding operations in Europe. First, it was cleerly
shown that dry ice can create a useful clearing in fog aven when it is very dense and deep,
vhen it is accompanied by sirong winda, apd when its temperature is neer 31°F.

Secondly i* was learned that measuring the effects of seeding in even, homogeneous, fog is
much easi.r t* n doing so in patchy, non-homogeneous fog.

To compi.- .at the work being done using aircraft to seed cold fog, operational itesting wes
done with around propane systems at Fairchild AFB, Washington. Similar tests were also
carried out at Kingsley Field, Oregon.

Trailler-mounted dispensers were used to vaporize liquid propane at pre-selected rates into
the fog. Our goal in these tests was to learn more about the problems connected with siting
dispensers to compensete for winds and to determine the minimum number of dispensers required.
These dispensers were mobile and their placement was decided on just prior to each test on
the basis of the forecast winds.

The general results of these tests were encouragirg, but 1t did become evident that using
dispensers in a mobile mode {8 simply not practical. We intend to re-design this system
before proceeding further.

In addition to the work in cold fog, a short evaluation was made to learn if sized hyaro-
scopic material forced upward from the ground was promising enough to be engineered into an
operatiocnal capebility to dissipate warm fog.

A single vertically-pointing blower was used to inject the materiaml. Tests were comlucted at
Travis AFB., Lack of fog severely limited testing, but the little accomplished did suggest
thet further R&D work shoculd be carried out before operational testing is continued.

I1. ‘The Program For FY 70
During the coming year our efforts will have four goals:

8. Apply airborne dissipation of cold fog and stretus to a broader cross section of
operational requirements, It is now planned that two WC-130s will be positionad at EDF to
support stated requirements of the Alagskan Air Command and the US Army Aleska. First priority
will be given to dicsipeting supercooled fog at Elmendorf AFB. Similarly two WC-130s will be
positioned in Europe to provide operational support to tactical-fighter and photo reconnais-
sance saircraft at four air beases in West Germany. These bases are Hahn, Spangdahlem, Bitburg,
and Ramstein. In addition operational testing will bDe carried out at several air bases in
England to de »rmine if its possible to dissipate the type of supercooled fog that occurs in
the United Kingdom. The principal objective of these programs will be to eliminate super-
cooled fog as a problem that must te considered by commanders when planning, scheduling, or
carrying out their operations. At Elmendorft, for example, the overriding goal will be to
raduce to zero the number of aircraft that are forced to divert because of supercooled fog.

b. Continue operational testing of a ground propene system for dissipating cold fcg
to arrive if possible at a relisble system thaet cap be implemented operationally. This test-
ing will be done at Fairchild AFB, Washington. A system of 20 individual dispensers will be
placed in and near the base complex. Dispenser sites will be chosen to compensate for the
most freguent wind speeds and directions that occur with cold fog. The Strategic Air Command
will prcvide engineering and procurement assistance and the Army Corps of Engineers, Seattle
District will arrange for the lease of cff-base property.

c. Develop more cbjective methods for computing the cost benefit ratlio8 of fog dissi-
pation in terms of operating dollare saved or of direct assistance towards carrying out an
operational mission. Military operations do not lend themselves so well to this as the
more regularly schedvled commerciel airline traffic does. Such methods are needed, though,
and will be particularly useful when warm fog capabilities are ready to be phased into
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operational use.

d. Monitor carefully the progress being made in warm fog resesrch particularly in the
field testing of techniques to dissipate weqm fog on & small ¢ :ale,

The Program in the early 1970s. At this time it can be ztated that militery interest in
weather modification in the early 1970s will be focused primarily on the problems caused by
straty and fog, both supercooled and werm. Reduced visibility, particularly when this is
thought of as horizontal, slant, and vertical visibility, has a more serious adverse impact
con military operations than any other single weather factor. This fact has been well
documented and I'm sure will not come as a surprise to anyone. Though other weather
phenomena such as precipitation apd haze, reduce visibility they do so on a much smaller
acale than stratus ard fog.

We recognize that calling attention to the importance of fog and stratus is only a first step
ino defining the requirement for those vho are to research and develop operaticnal techniques.
The varying circumstances under which fog and stratus become & probem must be ocutlined more
clearly. Much more work along the lines of operationsal analysis is needed to identify the
magnitude of these problems in terms of mission impact or cost-loss statements.

In general we can say that by the m1d-1970s we expect to have cheap, reliable, ground-based
systems for dissipating cold fog that can be instalied easily at air terminals or fixed
operating locations that experience problems with cold fog. We expect to weintain an air-
torne capability to dissipate cold fog that will be used in tectical training eituatinns and
at fixed locations with substantial cold fog problems that are not amenable to the lower-

cost ground system.
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We hope to have ground systems for dissipating warm fog that can reliably create larding
conditions of at least 100 £t/1/4 mile in winds up to 5 - 10 knots. It 15 to be expected
that the coet of this capability will, at least initially, confine its use to air terminals
with high density traffic. A great deal of effort has already been expended in investigat-
ing Category III lamding systems, It has become evident that to achieve a true zero-zero
landing capability or. anything approachirg a routine basis will require costly and very
sophisticated landirg aids. The technical problems yet to be solved are considerable. The
greateat prot.ms are associated with enabling complete "hanods-off" during the final flare
and touchdown portion of flight. If sufficient visibility could be assured so that the
flare and touchdown could always be accomplished by a pilot the requirement for what will be
the most coatly landing eids could be removed ard the safety of the operation would be greatly

enhanced.

The mancer in which other weather modification capabilities, such as precipitation stimula-
tion amd heil or lightning suppression, will be epplied to support military cperations is not
yet defired. Their value to agricultural and forestry interests is obviously great. It
seems evident that at least after they are developed, if not before, important military uses
will be found for them., These potential uses should become more clear as R&D work goes on.

Of equal interest to us at this time, along with the development of other wesiher modification
techniques, is *the achieving of more sophisticated means to Judge the actual effects, long
and short range, of actions tsken to modify the wveather. Not only is this important to the
employment of weather modification capabilities, but is essential for estimating the effects
that possible efforts by unfriendly powers to alter our weather might have.

This summerizes briefly the primary areas in which Air Weather Service will be interested in
the next several years. The progress asod discoveries in cloud physics snd numerical model-
ing and prediction may well permit us to expand our horizons of cperational application.
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LIGHTNING SUPPRESSION
Donald M. Fuquay

U.S. Department of Agriculture, Forest Service,
Intermountain Forest and Range Experiment
Station, Ogden, Utah 84401; stationed at

Northern Forest Fire Laboratory
Missoula, Montana

Various approaches to deliberate lightning modification or suppression are reviewed.
Two methods, chaff seeding and silver iodide seeding, have received theoretical,
laboratory, and limited field study; these are discussed in some detail.

A test of the efficacy of silver iodide seeding in lightning modification, conducted
by the U.S. Department of Agriculture, Forest Service, is described. Results

suggest that seeding decreases lightning frequency and alters certain characteristics
of individual discharges,

1. Why Suppress Lightning?

That modern society needs adequate lightning protection is well known. Lightning rods,
the standard means of protecting man and his structures since the days of Benjamin Franklin,
simply cannot be adapted to some of today's requirements. For example, we have no way of
protecting a space vehicle through critical periods of launch and early flight.

This is not tc say that the space program is alone in its need. Many military and
industrial activities may be too large, too small, or too temporary to warrant the time and
expense of standard lightning protection measures. Trarsient operations often present
particusarly difficult protection problems. A single lightning discharge could be disastrous
to some hazardous procedures, such as the handling of fuel or explosives. Warning devices can
signal the approach of thunderstorms, but local storms can mature to the lightning stage in
minutes. When this happens, it is not always possible to secure operations before the first
discharge; so protective measures must be immediate and totallv effective.

I1. Approaches to Lightning Suppression

According to extant theories, most of the physical events that take place within a cloud
system influence electrification. No onc as yet has identified the predominant mechanisms
governing cloud electrification and discharge processes, but evidence leads me to assume that a
change in any one of the physical or dynamic properties of a cloud could affect electrification,
For example, cloud seeding to increase precipitation might result in a change in lightning
intensity. It has been proposed that lightning can be modified by triggering discharges, by
changing cloud development, or by altering electrification processes.

1. Triggering Discharges. A lightning discharge is induced at a specific time and place to
prevent its occurrence at another point in time and space. Suggested means of suppression
include: large structures or rods to attract lightning; laser ionization of a discharge
channe radioactive ionization of a path; and rocket-borne wires to induce a discharge.

Newman triggered lightning with rocket-borne wires [Newman et al. 1967]. Altbough his aim
was to bring the lightning discharge to a specific point--in this case a floating laboratory--
his approach could be used to divert discharges from a specified area. Newman's technique was
to fire a rocket toward a thundercloud from his research vessel, The rocket carried a
srainless steel wire (0.2 mm in diameter) from a coil grounded to the ship. 1In a typical case,
once the rocket attained an altitude of about 100 m, a discharge passed between it and the
cloud base (1000 m or more above the sea). The discharge then followed the path of the wire
to the vessel. Twenty-three attempts during Avqust 1966 resulted in 17 triggered cloud-vessel
discharges. Although others have attempted to trigger lightning over land, no successes have
been reported.

Application of this technique as a protective measure is limited by the fact that a
thunderstorm is a generating mechanism and cannot be discharged like a battery. The time
required for the electric field to recover following a discharge is only a few seconds, after
which the storm again is ready to discharge.
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2. Changing Cloud Development. Lightning is modified by altering the dymamic processes of
cloud growth to prevent a cloud from developing to thunderstorm stage. Modification methods
suggested are: production of a cirrus layer to shield the surface from incoming solar
radiations; "overseeding" with ice-forming nuclei to slow cloud growth; and introduction of
hydrophilic materials to arrest cloud development.

Russian scientists have experimented with artificial control of convective cloud
development. Reportedly, they introduced 20 to 100 kg of an insoluble acrosol substance (5
to 50 u radius) into growing cumulus congestus [Gayvoronsky et al. 1967]. The experimenters
reported that imnediately after the substance was introduced from above, cloud evelution
stopped, tops gradually subsided, and the cloud rapidly acquired a fibrous structure.

Aerosols of substances with different physical and chemical properties, such as cement,
alumina, sodium chloride, and chalk, were tested in Soviet laboratories. The Russians report
that modification efficiency is about the same for all powders tested and does not vary with
temperature. The efficiency of a powder sample depends cn the surface properties and the
specific weight of the substance, and on the particle size distribution. Hydrophili¢ powders
were found to be the most efficieut of the substances tested.

Powder seeding is reported to modify clouds by causing descending air currents
[Gayvoronsky et al. 1967]). Modification begins when the seeding agent interacts with cloud
droplets to form drops, which continue to grow by coalescence. The falling drops create
descending air currents that soon overcome convective motion within the cloud.

In a series of Soviet experiments, powders were introduced into the tops of both aimmass
and frontal thunderstorms. Radar was used to evaluate results. For 54 of 55 tests performed
on clouds of large vertical extent, successful modification was claimed.

3. Altering Electrification Processes. Charge or discharge mechanisms within a
thunderstorm are modified. Of the methods proposed to alter electrification processes
within a lightning storm, two, chaff seeding and silver iodide seeding, have received
considerable emphasis in recent vears. These will be discussed in detail.

(a) Chaff Seeding. Weickmann [1963) proposed lightning suppression by chaff seeding and
ESSA scientists have since studied the principles in the laboratory and to some extent in the
field [Kasemir and Weickmann 1965). The concept of lightning suppression by chaff seeding is
based on the assumption that lightning is initiated by corona discharge from raindrops in a
strong electric field. Corona discharge produces an avalanche of ions when an electric field
is of sufficient strength and a stepped leader subsequently forms near cloud base. When this
leader reaches the ground, it becomes the path for a return stroke. This approach to
lightning suppression is based on the hypothesis that chaff sceding will inhibit leader
development by limiting the magnitude of ihe electric field within the cloud.

The field strength at which corona begins on metallized nylon- and copper-chaff of
various lengths and thicknesses has been measured in the laboratory {Kasemir and Weickmann
1965]. When an electric field reaches about 300 v/cm {the corona threshold for a fiber 1G cm
long and 22 p thick), the corona current per fiber is about 107 amperes.

It has been established that tlie threshold for corona discharge on a 10 cm-long chaff
fiber is about 300 v/cm, a factor of 20 below the threshold field of 6000 v/cm assumed
necessary to initiate a lightning discharge. About 2.3 kg of chaff contains 107 chaff fibers
and should produce a JO-amp corona current in a field of 700 v/cm. This current would be
adequate to counter the charging current in an average thunderstorm, which is assumed to
average about 3 amps.

In actual tests on thunderstorms, Kasemir and Weickmann [1965] reported that corona
discharge is generated from chaff fibers in a field greater than 300 v/cm and that corona

continues until this field drops below this value. Moreover, they found that stronger
fields (on the order of 1 to 3 kv/am) decay far more rapidly with chaff seeding than without.
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ESSA scientists plan additional studies of both charge distribution within a
thundercloud and the movement of small ions liberated by corona discharge in a cloud

environment. These studies will determine where and in what amounts chaff should be used in
actual lightning-suppression tests.

(b) Silver lodide Seeding. Tie Forest Service has been investigating the possibility
of modifying lightning by seeding with silver iodide for severa'! years. A pilot experiment
conducted over forested mountains near Missoula, Moutana, through the summers of 1960 and
1961 showed 38% less cloud-to-ground lightning from seceded ciouds than from unseeded clouds.
A two-tailed test indicared that the probability of this occurring Ly chance was one in four.
In this case, we measured the number of discharges on each test day.

In 1965, we began a new study in which both the occurrence cf lightning and the
characteristics of individual discharges were measured. The goal was to determine if massive
seeding with silver iodide ice-forming nuclei changes the occurrence or characteristics of

lightning from mountain thunderstorms. The experiment was carried out over three summer
seasons,

Design of the experiment: This experiment was designed to compare electrical and
physical events occurring within a circular test area of about 16 km in radius on the seeded
and unseeded days between the hours of 1300 to 1900 m.s.t. This unit of time-space was
defined as an operational day, the selection of which depended on a regional U.S. Weather
Bureau forecast. A set of random numbers established the treatment (seed or no seed). The
next operational day received the opposite treatment. Identical observations were made on
each operational day.

At the outset, it was declared that simple nonparametric procedures would be used. The
Mann-Whitney test [Tate and Clelland 1957] was selected as most suitable for calculating the

level of significance for each test. In every case, the resulting probability reported here
is for a two-tailed test.

In this report, I refer to all lightning discharges that did not reach the earth as
"intracloud” or "cloud" discharges and to those that occurred between cloud and earth as
“cloud-to-ground” or "ground" discharges. The term "all lightning" refers to the total
number of discharges and includes cloud lightning, ground lightning, and a swall percentage
of the total that could not be identified (indeterminate). Ground discharges containing

continuing-current portions are 'hybrid" discharges and all other ground discharges are
"discrete."

Both ground-based and airborne-silver lodide generator units were used in the cloud-
seeding trials. Three single-engine aircraft were used for each seeding and at least two
planes were in the air most of the time. Any thunderstorm or individual laryge cwaulus that
appeared in or moved into the test area was sceded by all available aircraft.

A1l Agl generators used in this cxperiment produced Agl particles by burning a solution
of silver iodide and sodiwn iodide dissolved in acetone {Fuquay 1967]. The sclution was
about 2% Agl by weight, plus the amcunt of Nal required to dissolve the Agl in acctone.

Each airborne unit had two combustion chambers. In 1965, each ground-based unit hu:d four
chambers, while those used in 1966 and 1967 had two chambers. The output was ai X10'®
nuclei/gram of Agl (or 5X10+3 nucleissec effective at -20°C) with a flow rate of ,55X10%
ml/hr. During a normal operation, when the three aircraft and the two mobile units were
operating simultanceously, as many as 16 Agl generators (combustion chambers) were in use at
the same time. Throughout the three-season study, thc consumption rate averaged about 2.2 kg
of Agl/hr with periodic maxima of 4.2 kg/hr.

tvidence of the effectiveness of seeding to produce glaciation was obtained by a scries
of in-cloud measurements [MacCready and Takeuchi 1967]. The measurements showed that on
several occasions complete glaciation was encountered in seeded clouds even at relatively
warn temperatures around -7°C [MacCready and Baughman 1968) . The concentration of ice
particles was estimated to be 100 to 1000/1 at -7°C.
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Data limitations: The experiment was designed to compare electrical events occurring
within a test area between the hours of 1300 to 1900 m.s.t. on seeded and unseeded
operaticnal days. These time and space boundaries were selected because most thunderstorms
take place during the afternoon hours and because our recording and cloud-seeding
capabilities were limited. Subsequently, we found these boundaries to be unreasonable;
they impnsed a severe limitation on the use of data for statistical evaluation. About
15,000 lightning discharges were recorded during the three summer seasons, but only 1452
discharges fell within the operational day concept of time and distance.

Further examination of the data clearly showed that only the total lightning activity
of smaller stoms (less than S0 discharges) occurred entirely within our original space and
time limitations. As a res. , larger storms (more than 50 discharges) appeared in the
statistical analysis as smaller storms., For example, a large storm 8 July 1965 (1718-1835
hrs) produced 256 discharges, of which only 25 met the distance criterion for the operatjonal
day, while a small storm 1d July 1966 (1714-1740 hrs) yielded only 13 discharges, but all

.ere accepied for aralycis. Consequently, the operaticonal day concept imposed unrealistic
restrictions on the use of available data.

To overcome the limitations imposed by the original design, we tested for seeding
effects on the basis of individual storms, thereby eliminating most of the time and space
restrictions imposed by the operational day concept. For the individual storm analysis, we
considered those storms that produced lightning at any time within about 30 km of the central
recording site, when most or all of the lightning came from a storm known to be seeded or
unseeded. Storm duration is defined as the time interval from the first to the last
lightning discharge ascribed to a particular stoim.

Results: The Mann-Whitney Test was used to test all data reported here for the efficacy
of cloud seeding. In every case, the given probability 1s for a two-tailed test. In Table
1, the test for differences in the occurrence of lightning on operational days clearly shows
that these results could have occurred by chance (a = 0.617). I feel that use of operational
day data only does not permit a correct evaluation of the cloud-seeding trials because of the
limitations discussed in the previous section. However, the operational day unit was
prescribed by the original design of the experiment; so 1 have reported the results obtained.

Table 1.--Lightning occurrence during 28 operational day units

_ Number Means Significance
_iype No seed  Seed No seed Seed level*
Cloud-to-ground 156 170 11.1 12.1 0.920
Intracloud 501 531 35.8 37.9 .555
All lightaing** 674 765 48.1 54.6 .617

*

Two-tail Mann-khitney tests.
** Includes indeterminate discharges.

Realizing that the time and space criteria of the original design were creating problems,
we based further tests for seeding effects on individual storms. In effect, we changed the
time and space restrictions and removed from the anaivses all days on which no lightning
occurred.

The amount of lightning recorded from seeded and unseeded individual storms and results
of the statistical tests are given in Table 2. These results are quite different from those
shown in Table ). These analyses differ because we changed our time and space boundaries and
alsc because we excluded those days on which no lightning occurred from the individual stomm
analysis. The effect of these changes on the analysis is still being studied. It is obvious
that considerably less lightning was produced by seeded storms, but these results should be
treated with cauticn because subjectivity may have influenced our determination of storm
duration. It was relatively easy to identify individual storms, but not always possible to
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determipe the exact time that lightning activity began o1 ended. As is shown in Table 3, the
duraticn of lightning activity of seeded stomrs was significantly less than that of unceeded
storms (a = 0.086). Additional studies of the locaticn, movement, and radar echo duration

of buth seeded and unseeded individual storms disclosed no appreciable differences in storm
location or movement,

Number Means Significance
Type No seed Sced No seed Seed level*
Cloud-to-ground 792 231 56.6 19.2 0.174
Intracloud 2367 1021 169.1 85.1 . (085
All lightning** 3238 1286 231.0 107.0 .99

* Two-tail Mann-Whitney test.
** Includes indeterminate discharges.

Table 3,--Duratior of lightning activity dering 20 individual storms

. Means ~ Significance
No seed Seed level*
Duration of iightning activity (min) 101 64.2 0.086

* Two-tail Mann-Whitney test.

Next, we compared the rates at which lightning discharges occurred in seeded and
unseeded individual storms., The outcome of a test for differences in the maximum flash rate
for 5- and 15-minute intervals for 26 individual storms is given in Table 4. in light of the
significance level for cloud-to-ground lightning for 3-minute intervals (¢ = 0.197) and
15-minute intervals {(a = 0.156), these results only suggest that the flash rate is reduced
by seeding with Agl ice-forming nuclei. Further tests are being made to determine whether
or not seeding alters flash characteristics, such as duration, number of return strokes, and
the interval between return strokes.

1 believe that resuits of experiments to date (Tables 1-4), support the hypothesis that
lightning occurrence from mountain thunderstorms can be alteired by cloud seeding. Wwe
recognize that our results are not conclusive and that further experimental work will be
needed. Moreover, it should be noted that the principal statistical results presented are
based on an analysis different from that prescribed at the beginning of this study. The
information on lightning characteristics and occurrence, along with the viluable test
experience should enable us to design a new and, hopefully, more definitive experiment.
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Tahle 4,--Maximum lightning intensjty for 5- and l3-minute periods
for 26 ceceded and unseeded individuyal storms

Means__ Sipnificance
No seed Seed level*
Maximuwn amocunt ligktning
in S-minute period
Cloud-to-ground 8.8 5.0 0.197
Cloud-to-ground 17.4 16.3 .596
All lightning** 23.2 18.8 .358
Maximum amourt lightning
in 15-minuty period
Cloud-to-ground 17.7 9.1 .156
Cloud-to-ground 43.9 33.4 .204
All lightning** 53.5 42.4 L3227

* Two-tail raak-sum test
** Includes indeterminate discharges.

Now what is the ouclook for lightning suppression? Scme advances have been made
through lightning and cloud physics research However, no results to date are ccnclusive.
Several remaining questions on cloud electrification and lightning physics must be answered
before realistic programs of lightning suppressicn can be devised. These answers shouid
come fron current and pianned research. When they do, the feasibility of 1ightning
suppression and control can be determined.

- ———
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HAIL. SUPPRESSION IN THE SEVENTIES

Guy G. Gover
National Center for Atmospheric Research
Boulder, Colorado

*

- I. Introduction

In the last two decades a considerable ef{ort has been extended towards the suppression
of hail in several ccuntries of the world. There are three basic reasons for this focusing
of effort in this area of weather modification. The first one is the economic henefits that
can result from an operacional hail suppression system. 1In the United States alone the
d amage to crop and property caused by hail awmounts to twe to three hundred million dollars a
year. The second reason is that, because the hailstorm is, in most cases, an isolated con-
vective system, it appears more amenable to field experimentation. Finally, the third and
most important reason is that the edrly discovery of Schaefer that clouds can be glaciated
with artificial fre2z -ng nuclei appears to several experimentalists to provide the trigger
mechanism necessary to modify hailstorms.

Consequently, over the last 10 to 15 years several attempts at testing this concept
for the suppression of hail have been made in France (Desseus, 1967), Argentina (Grandoso and
Iribarne, 1961). Italy, Kenya (Sansom, 1966) ‘Henderson, 1968), Russia (Sulakvelidze, 1968),
Canada, Switzerland (Schmid, 1967), and the United States (Schleusener}. 1Iu all of these
efforts the basic physical concept has been the conversion of the supercooled liquid water
to ice crystals by seeding with silver iodide, lead :dodide, or silid carbon dioxide. The
hypothesis is that the creation of a larger number of hail embryos through seeding should
lead to a larger number of hailstones of smaller diameter. Although no physical model of
the hajlstorm had been developed at that time tc support that idea, large scale field
programs were set up to verify that simple concept.

[n most cases the instrumentation was restricted to seeding instrumentation consisting
mostly of ground or airborne burners, or anti-hail rockets of one kind or another. Observa-
tional equipment such as radar was lacking in France, Argentina, Italy, Kenya, Switzerland,
and Canada. Moreover, no ground netwosrk for evaluaring precipitation was used in all of these
projects mor in the Soviet project. Only the United States project in South Dakota combined
seeding operations with radar and ground observations.

TABLE

HALL SUPPRISSION ARQUND 1HE wORLD

Loratiea Method Arca, oo T Decredse S acre Friererce
fPussia Shells 3860 :D) 0.07 Sulzkvelidze (1998)
France Groumd burners 21,0060 SO ¢.02 Desseny (1337)

Ketya Explosinve rockets 1.8 (1% 5C 0.4l Sarsen (1956

Airburne Pyrotechnicsy fAm .

Ground pyratechniss 40C ©s .3 Bencers.a (1368)
Carada Cround burners

Aivborne burners 3ing 85 ~-

Airkcrrne pyrotecnntzs
via
Brvman Slape Alrborne burners aa 5

Ground airners 200y 28 .- Hagen & 8Butchbaker (19%6)
Perein Councy Arch hurners

L A0 . . -

Al serotecnrt cs 1400 9o .- Kosvrelsky (19587)
Fap:d Preojec: Aithk o rne burners

Atrlorse pyrotechnacs i) a1 .- Schlzusener & al. (1969)

Groeurd Lurrecs

*
The Naticnal Center for Atmospheric Research is sponsored by the National Science Foundation.
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Table 1 shows the results of these projects. It shows the mettod used, the area
protected, the percent decrease in hail damage and the cust of protection per acre. The re-
sults claimed in suppressing hail are centainly impressive., However ‘I would like to point
out thsat all of the foreign resulcs are based on crop insurance data. As is wel) known, crop
damage is a very unsatisfactory criteria for evaluating the effects of hail suppression at-
tempts. The seasonal variation of the crop, the low coverage of insurance data, the associa-
ted crop damage due to wind and rain are all factors which reduce the accuracy of evaluating
hailfall intemsity from insurance data, Dr. P. W. Summers (1966) of the Alberta Hail Studies
recenily published the results of a study of hail insurance claims as a means of evaluation
of the Canadian hail suppress‘on experiments. His conclusions are the tollowing:

There appears to have been substantial reduction in the loss to risk
ratio in the hail suppression area during the last ten years. However, this
could quite easily be the results of chance, natural fluctuaticns in storm
activity. This fact, together with the unexplained reductions observed
elsewhere, means that no conclusions can be drawn regarding the effectiveness
of commercial hail suppression program operated by the Alberta Weather
Modification Cooperative. This does not imply there is not a real suppression
effect: but if such an effect does exist, it cannot be accurately detected
by a study of yearly mean loss to risk ratios.

The article concludes that some alternative methods of evaluation must be found
for both the immediate purpose of evaluaiing present commercial hail suppression programs and,
even more importantly, as a necessary prerequisite to the sound scientific design of any
research experimentation on hail clouds.

Unfortunately, at the present time, after several years of field experimentation,
we are faced with the same problems we faced for the case of rain augmentation. There is
considerable evidence of success resulting from all of these projects. However, none of that
evidence is as yet statistically satisfactory to the scientific community. Because of poor
experinentai design, lack of adequate instrumentation, or lack of randomization procedurses,
these results are intviguing buc, unfortunately, lack the validation of sound statistical
methods. On the other hand, the recent results obtained by the South Dakota School of Mires
and Technology (Schleusener et al., 1969) show that a proper experimental design can lead
to meaningful numbers to determine the effect of cloud seeding on hail intensity. But this
is not enough. A totally convincing hail suppressiou experiment will only result from the
combination of a realistic theoretical model of the hailstorm, a sound modification concept,
and accurate real time measurements of the storm, its environment, and its precipitation,

II. Future Jail Suppression Concepts

1t is obvious, from reading the hail suppression literature of the last decade,
that the major weakness ol our previous efforts has becen the neglect c¢f incorporating the
theoretician and the statistician into the design of field programs. Up to now it appears
that che cioud modeler and the cloud seeder have been kept completely apart. However, with
the recent rapid progress in the area of cumulus cloud model ing, it is comforting to see that
this rmarriage between the theoretician and the experimemntalist is gaining favor. The presenc
trerd is to use computer models of cumulus clouds not only for forecasting but also for evalu-
ating wodification attempts. Such techniques pioneered by the Naw -ESSA Sto:nfury Project
on curuli cloud (Simpson et al., 1966), are now being used in the Flagstaff Project with Penn
State (Davis et al., 1968) (Weinstein, 1969), the South Dakota Project with E. G, and G.
(Davis et al., 1969), and finally this yvear in the Joint Hail Research Froject of CSU, ESSA,
and NCAR in Northeastern Colorado. The computer models are used to predict cloud tops,
maximum updraft velocity, hail size, and even radar reflectivity for seeded and nonseeded
clouds. The field observations are essential in testing the present models and, most im-
portantly, in improving the model to better describe the natural phencueron. This two-
pronged attack is, in my opinion, the most important development which will have its major
impact on hail suppression experimentation in the 70s and which shculd lead to the most
rapid development of an efficlient hail suppression system based on a full understanding of the
hail storm. Once this optimized model is developed, based cn actual field measurements, other
suppression concepts will then be amenable tc testing on the computer, a much more efficient
and much cheaper methnd to test concepts.

Up to now the conversion of supercooled liquid water to ice crystals has been the basis
of all hail suppression expzriments. This concept can be tested on the computer for its
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effect on the buoyancy of the clcud, However, the concept cannot be tested for its effect on
precipitation. With the advent of larger computers it should he possible within the not too

distant future to comwpute the growth of precipitation particles rather than to use parametri-
zation procedures to feed into the present models.

Several other concepts for modification lwe been suggested but have not been tested !
in the field yet. The Soviets have proposed seeding with large hygrozcopic nuclei in order to i
rob the hailstorm of large concentrations of water in the supercocled regiom of the cloud.
In this manner the concentration of supercooled liquid water would be reduced by provoking
the precipitation of a large mass of water before it reaches the supercooled region of the !
clcud. This technique is just being initiated im the Soviet Union, and the concept can be i
tested cn the computer at the present time. :

Other concepts applying to a field of convective clouds have algo been suggested, It
has been proposed to disturb the windfield around a potential thunderstorm by seeding several
cther smaller clouds around it to prevent its development to a mature thunderstorm. Schaefer
proposed the disturbance of convection through the creation of a cirrus cloud cover by seeding
over a large area. These concepts can cnly be tested by computer techmiques when adequate
models and large enough computers are developed to handie a field ¢f cumuli clouds over a
rather large area. 1t is my contention that a large scale effort should be propounded in
that area to provide within the next decade the possibility of testing new hail suppression
concepts by computer techniques before attempting to test them in large field experiments.

II1. Future Instrumentarion

As we mentioned before, the development of computer models relies very heavily on the :
collection of accurate data in the field., The full understanding of the hailstorm requires the
total description of the cloud, its environment, and its precipiration. Do we now have the
instrumentation for this task?

The instrumentation to describe the environment cf a cloud is already available or
in intense development at the present time. The windfield around a cloud can be adequately
described by such techniques as used by Weickmann (1969), Auer et al. (1969), Sinclair (1969),
Garrahan et al. (1969) and Cooper et al. (1969) for updraft mapping belcw cloud and for
measuring wind components around the cloud and at cloud tep. High level winds can be well
described by an adequate number of rawinsonde stations, and ground meteorological observa-
tions can also be gathered by existing meteorological stations. To supplement the current in-
strumentation, interesting developments arein the offing. The network of three 3 cm doppler
radars proposed and being developed by L'Hermitte (1969) at ESSA will be an important addition
for the description almost in real time of thk three wind components around cloud base. The
new electromagnetic signal detection system proposed by DRI to track simultaneocusly a large
number of balloons is an extremely promising method to describe not only the cloud's environ-
ment but also the cloud internal structure. These systems will become available in the 70s and
should provide the data critically needed by the computer modeiers to improve *hoir mndels.
The instrumentation to study the atmospheric nuclei and their role in the development of pre-
cipitation is already available aud already yielding important data for the full undersctand-
ing of the hailstorm (Rosinski and Kerrigan, 1969).

The description of the storm structure is one of the most challenging requirement in
hail suppression research. The accurate description of the radar reflectivity profile is most
urgent. Narrow beam quantitative weather radars of greater precision will soon be available
for this task. An advanced dual wavelength radar has been proposed by NCAR and is under de-
velopment (Fisher, 1969). A 10 cwm doppler radar with polarization measurement capability
is now being assembled by Atlas at the University of Chicago. But the most interesting
development in this area is tte addition of a field computer to the radars to present the
radar data in real time. This is a critical requirement in the operation of a hail suppression
test, The systems developed by DRI and by South Dakota School of Mines are the most promising
tools to date in these areas., 1 am convinced that in the 70s such real time systems will
play a very important role in the evaluation of seeding experiments fcr hail suppression.

The description of the vertical velocity profile and of the liquid water content
orofile are still impossible at the present time owing to lack of proper instrumentation.
How . ser, promising developments are appearing in this area also. Battan (1963) demonstrated
the usefulness of a vertically pointing dopplier radar for the description of the updraft pro-
file, and the detection of hail {Battan, 1968). A manned armored aircraft for penetrating the
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core of hallstorms has been d:veloped by South Dakota School of Mines in cooperation with

MRI and is scheduled to be tested operationally this summer. With proper instrumentation this
aircraft will hopefully be capable of measuring vertical velocity profiles and liquid water
content profiles. In addition, a feasibility study is now underway at CSU to establish

the possibility of using a drone aircraft for the same purpose. The dropsonde system
initiated by Squires and developed by Bushnell (1968) at NCAR shows, also, promise of accurate-
iy measuring updraft velocity profiles ia the core of mature thunderstorms., Finally, the
2.75" rocket, used in the military, is currently being scrutinized as a placform to penetrate
the core of hailstorms to measure these variables also; it is my expectatiocn that within this
decade one or more of these proposed systems will be fully developed to gather the data
necessary for the testing and the improvement of the computer models. However, considerable
expenditure and effort will bave to be channeled to the development of a cloud liquid water
content meter capable of handling the large concentrations of supercooled water in mature
hailstorms. Several new techniques have been proposed or are in development at NCAR, such as
the photographic method by Cannon (1968), the electrostatic method by Winn (1968), the optical
electronic method by Knollenberg (1969), the laser cavity method by Knollenberg and Schuster,
and the centrifuge method developed by Brown. Continuous progress in the centrifuge method
developed by Brown. Continuous progress in the replication of cloud particles has also been
reported by the U.S, Naval Research Laboratory (Averitt and Ruskin, 1968). Finally, the ex-

pleratory work of ESSA with a microwave radiometer appears prowising (Decker and Dutton, 1968)
(Decker and Dutton, 1969),

P

Efficient cloud seeding systems have been developed over the several past years that
now permit the tatloring of the seeding rate to the situaction at hand. The high output buruer
generators have been used apparently rather effectively in an airborne system by MRI (Davis
et al., 1968) in Flagstaff, by the Department of Agriculture at Missoula, (McCready and
Baughman, 1968), by South Dakota School of Mines and Technology (Koscielski ard Denmis,

1968) and by CSIRO in Australia (Bethwaite et al., 1966).

Pyrotechnic generators of high efficiency have been developed by the Navy and are
now commercially available from several private firms. These have been used in several
systems. ESSA has developed the capability to drop them from the top of cumuli cloud, and
several universities and private firms have designed and utilized airborne racks to disperse
at cloud base the smokes generated by pyrotechnics, By the use of these methods, the rate
of seeding can be tailored to the area and intensity of the updraft at cloud base. As
shown by Schleusener (1968), we now have the capability cf seeding at rates between a few
grams to three or four thousand grams per hour.

The apparent success of the Soviet program (Sulakvelidze, 1968) stirred the interest
of the U.S. scientists in seeding techoniques which would insure the accuracy of placement
of the seeding agent into a well defined volume of the cloud. Considerable progress has
been made over the last two years by Sinclair (1968) at CSU in the development of a small
frangible airborne rocket for cloud seeding. This rocket can carry a payload of a hundred
to two hundred grams cf silver or lead iodide and be shot to approximately 8 or 9 miles {nside
of the cloud. The detcnation of the head disperses the nucleating agent. This system might
be tested this summer within the Joint Hail Research Project. Iu addition, there has been
considerable interest from many institutions such as E., G. and G., CSU, and NCAR in the
adaptation oi the military 2,75" rocket for cloud seeding and in-cloud measurement purposes.
This is an obvious area where the Air Force could contribute immensely to the development
of a consumable or frangible airborne rocket for cloud seeding or for cloud measurement pur-
poses. I then foresee that in the mext two years we will have airborne rockets cloud seeding
systems with which to test the Russian contention of the importance of applying the seeding
agent very accurately in space and in time. Consequently, within a few years we will have
at our disposal 1 real arsenal of seeding systems which will permit the accurate delivery in
space and time of seeding agents of any type at an accurately controllable rate. As a re-
sult, it will then be possible to tailor accurately the seeding procedure and rate to the
volume, intensity, and rate of growth of the systems to be studied.

To complete the system of observation in a well-conceived hail suppression experiment,
a suitable ground network for evaluating the hailfall and the rainfall is absolutely necessary.
This {s an area where engineering development is required to provide, in a very few years, a
cheap, portable, automatic precipitation sensor capable of transmitting in real time to a
central location the time of onset of rain and hail, the rainfall rate and che hailfall rate,
and the duration of each event over a large network. The Illinois State Water Survey has
done wonders with the airrent instrumentation in correlating the hailswath to radar data
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(Changnon and Stout, 1969). The type of network established in Illinoils is certainly an
example of what will be required for the evaluation of a hail suppression experiment. However,
an automated transmitting station would certainly provide more accurate data at a cheaper

cost. The use of volunteer observers and of telephone surveys in real time, as initiated

in Alberta and very effectively used this summer in northeastern Colorado, is one cheap but
not totally satisfactory way of solving that problem.

The evaluation of the hailfall at the ground still requires a large number of ground
teains chasing and sampling the hail to determine such things as number concentration, size
distribution of the hail, hardness, liquid water content, and so on. From that data the
percent coverage can be calculated. Last summer Dr. Weickmann of ESSA in collaboration with
H.R.B, Singer showed the usefulness of airborne infrared radiometry to measure the coverage
of hailstones at the ground and to map the hailswath (Weickmann, 1969). Again this summer
both ESSA and NCAR are testing similar techniques. With such techniques it may be possible to
reduce the number of ground stations necessary to fully evaluate the intensity of hailstorms.
In the final analysis, the success of any hail suppression experiment will tave to be judged
on the basis of the evaluation of hail at the ground. This is an area which wil require in
the very near future considerable effort and expenditure to develop the required instrumenta-
tion and data gathering and processing systems necessary to provide an accurate picture of
the precipitation pattern almost in real time.

IV. THE PROMISE OF THE 1570'S

From this brief description of current research and of proposed development, it ap-
pears very clearly that within one or two years we will have available the several components
critical in the design and implementation of a comprehensive hail suppression experiment. As
mentioned in the Suomi Report (Suomi et al,, 1968) and in the recent Rand Report (1969) on
weather modification, most of our previous research in hail suppression in tte United States
has been subcritical, No one has been able, up to now, to assemble the critical elements to
accurately test hail suppression concepts and operations. However, these previous projects
have served and will continue to serve in the next decade a very essential role in developing
the elements which are critical for future progress in that area. What is necessary and
essential at the present time is to mount a large enough effort capable of assembling in
a single, well-desigred experiment the capabilities developed within groups already experi-
enced in hail research, This is the hope in NECHE, the Northeastern Colorado Hail Experiment
(1969). At the request of the National Science Foundation, NCAR together with a Planmning
Committee has prepared a plan for a large scale, long duration hail suppression experiment in
norcheastern Colorado. This plan envisions an impressive effort in the years 1971-1975 and
has been enthusiastically endorsed by TCAS. The goals of NECHE are to advance the basic
understanding of the hailstorm in a study oriented towards the suppression of hail. The
approach of NECHE will be to establish and maintain vigorously the communication links be-
tween the theoreticians, the dynamicists, the cloud physicists, and the field experimenters
towards the single gcal of improving the theoretical model on the basis of field observations,
and designing a suppress ion system on the basis of the theoretical model. Ceontinuous feedback
between all systems is considered the critical element of such a project.

Figure 1 shows a sketch of the optimum system proposed by NECHE for hail suppression
research. It compcises elements which are or will be available within the next few years.
1t also depicts the large scope of the project which will require the full support and the
active participation of several federal agencies, universities, and private firms,

It is my conviction that tne philosophy and the experimental design of NECHE are the
most promising toward the most rapid progress in hail suppression research. However, NECHE
will not attain its goal in complete isolation but will require the full cooperation and the
full suvppoct of the hail scientists in other projucts in this country.’

1 am corvinced that we are at a threshold of knowledge and technology which will lead
in the next decade to a very sigrificant breakthrough in hail suppression. The work ahead is
challenging. But we have the brainpower, we have the manpower and we have the components of
the optimum system. We have all that. But we do not yet have adequate funding. 1If NECHE
and the several other projects in the U,$,A., are funded at the necessary level for optimum re-
turn, and if we are willing to work diligently and effectively and to listen to the answers
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nature supplies to our questions, I am personally convinced that we will have an operational
hail suppression system by the end of the 1970s,
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PRECTPITATION AUGHENTATION

Petrick Squires
Leboratory of Atmosvheric Physics, Desert Research Instiiute,
University of levada

I. Introduction

Over twenty years ogo, the initial experiments in cloud seeding geave rise to the hope of
developing e nev and useful technolozy for increasing precipitation. Frogress to this end
has been disarpointingly slow until quite recently.

It 18 always difficult to guess how deep o pnysical undersiamding is needed to generate
practlcally useful results. The tventy-year effort has largely been ised in 2 gambtle *that
the most elementary comprehension would suffice. Although 1% did not succeed, the gamble
was reasonable at the time, but nol. perhaps for yuite so long. A much smaller effort has in
the meentime added slowiy to riysical uncdecrstending of some of the processes by which precip-
itation is formed, end there are signs that significant steps forward in technoclogy may be
possible,

I1. The Centrel Problem

Gbservation shoWs that the g¢entral orcblem of precipitation formation is: how 1s the water
substance 1n sore 10° to 107 cloud drops {d o lOp) brought together to form a particle large
enough to f2l) ‘o the surface without evaporating (d = 1000p)? The majority of clouds con-
trilute nothing to the return flux of water from tue aimosphere Lo Liie surface (which must
oi. the average balance eveporation) because they evaporate before precipitation particles are
produced, as & result of turbulent mixing with the much drier air around them. In the con-
sidrration of the mechanism which form precipitetion particles, therefore, time is of the
essence, Observation indicates that cleuds cen form and release preciplitation in periods of
order 1000 seconds, ard elementary considerations indicate that, once particles of d exl0

are formed, they grow quite rapidly tc 4 41200u by sweeping ur the cloud drops in their peth.
The "resistance” to precipitation formation is primarily in growtn from d&/10p to dS4100p.

III. ‘arm Rain

Three physical ideas have contributed to our understanding of rain formed by the coalescence
of drops ir clouds devoid of ice, that is "verm rein“. Such rain is found to be common in
maritime clouds, but much rarer over the contiients.

(8) Early theoreticel estimates for the time reyuived for raindrop formation ranged up
to some hours, i.e,, several times longer thar indicated by observation. The stochastic
theery of Telford (1955) removed this anomaly. The essence of this theory is that coales-
cence is & ramdom event, and not & contlnucus process as hed heen assumed eerlier, Any
slightly larger drop, wnich is orowing by sweeping up :loud drops in its path, may have
either good or bad "luck”, since the cloud drops are rendomly élstributed. At the worst, it
zculd a1l right through the cloud without a collision; e very "lucky' drop could have
below it a sequence of smaller drops arrarged like the beads or a necklace, practically in
contact with each other. A drop as lucky as this would grow into = rairdrop in seconds.

Telford posed and answerel the juestiorn “how lucky is the lucklest drop in a million?” Sinece
it will cutgros ell others, it will fall out cf the bvase_as & raindércp, conteining on the
average the water sutstance originally distributed in 10° eloud drops, and the time reguired
is in conscnance with observation.

() Woodcock (1953) has pointed out the role of giant ses salf nuclei (d=1 to 10p) in
forming the embryos of raindrops. These giant nuclei, of order 106 times the mass of the
nuclei on which the general population of drops form, generate quite large drops in tne humid
air ever while it 1s stil) below cloud base, and, therefcre, not yct sotursated. They occur
in adequate concentrations to provide sufficlent embryos.
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v¢). Squires (1955, 1958) sought the key to the problem in the nature of the main
droplet population rather than in the generation of raindrop embryos. Observation revealed
a systematic difference in geuneral microstructure between maritime and continental cumull;
the latter being relatively "fine grained" with large concentrations of relatively esmall
droplets. On the one hand, this difference was attributed primarily to the differing nature
of the continental end marine aerosols; on the other, more _.laborate computations of atochas-
tic coalescence by Twomey (1966) ond Berry {1967) show that this difference could explain the
primarily maritime occurrence of warm rain.

The interaction of the tnree aspects of phenomena in nature--their "relative importence",

for example--i1s far from clear. As regards modificaiion attempts, (b) has given rise to the
suggestion that rainfall cculd be increased by seeding with large hygroscopic particles, and

an experiment ncar Delhi has given indications cf encouraging resultis. On the other hand,

(c) hes given rise to the noticn that reinfall could be reduced if large numbers of clouvd :
nuclei were added to an air mass sufficiently far upwind. In this way, it is possible that :
excessive rainfalls on the Coast Range of Oregen cculd be reduced, & result which in itself

could have some bLeneficial value, and which could conceivably result in increased snowfall

in the high Cascades. However, very serious scientific and engineering difficulties stand

in the way of a field test of this concept. These difficulties give special interest to the

study of the effects of man-made air pollution on rainfall such as those reported by Warner

(1948) or Changnon (1968).

IV, "Cold" Precipitation

The attempts so far made in the fileld to modify precipitation have, of course, all teen

tased on the seeding of supercooled clouds to rucleate the formation of ice particles withn
the cbject cf initiatirg the Wegener-Bergeron-Findelsen mechanism. Early experiments were
made by dropping dry-ice pellets from aircraft, and some of them had quite convincing results.
The major effort since has been based on the use of surface generators of silver-iodide
aercsol, the test cf success being a statistical comparison of a seeded target area with a
non-seeded control area nearby. The contrcl area provided an estimate ¢f what precipitation
would have fallen c¢n the target if there had been no seeding. Various randomized cross-over
schemes were devised to improve this estirete.

Problems which heve by rnow been recognized in various experiments of this type include:

(1) In plan view, tne trajectory of the aercsol across the eartn's surface can be
different frcm what one might expect. No doubt, in experiments conducted in mountaincus
country, there have teer occasicns when more silver iodide aercsol passed over the control
area than the target.

(2) he dirfusior of the aerosol up to clcud levels wust vary greatly with location
and weather type. In one experiment, at least, there is reason to suppcse that the aercscl
often crossed the target area while still essentially below clcud base level, su that any
seeding effect could orly cccur further downwind.

(3} A desivavle concentration of ice crystals to introduce appears to be of order 1 per
lizer, depending cn teuwperature, etc. Toc few will be inefficient, toc many will result in
ccmpetition emeng the ice perticlies, resiricting their growth., In the extreme, where sll
the clcud droplets freeze, the result is merely an ice fog, the potertial fer precipitaticn
formation having teern lcst.

It is clear thai in mest statistical experiments little attention was given tc this funda-
rental Juestion. The cesiratle seeding rate depends cn temperature, lizuid water ccntent,
rate of condensaticn, etc.; the rate achieved deperds, among ctiier trings, on the back-
ground level cf turtulence whnich will disperse the plume of aerosol e* varying speeds con
different occesicrs.

When silver icdlde erentunlly nucleates ice formetion, it seems prcbatle that the release of
latent heat, werming & typical clcud volume by some tenths of w degree €, will generate
local small-scale circulation which will rather quickly disperse the eercsol ti.-oughout the
cloud. The subseguent growth of snowflaXes will deperd on factors such as tlempereture,
1iquid water content, &s well as perhaps the electricel field.
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It hos beer suspected that in some situations, seeding by a particular technique might
result in decreases instead of increases in precipitation. GCrant and Mielke (1955) suggesv
that thia occurs with the colder cloud systems passing Climax, Colorado {as judged by the
S00-mb temperature), In an experiment in which it was decided in advance to stratify the
results according to the 500-mb temperature, the analysis indicated increases of over 100%

ir snowfall at the warmer temperatures (-130 to -17°C) and a slight decrease at temperatures
around -30°C,

Elliott (1969), 1n an experiment at Santa Barbara, reports overall increases of order 100%
as & result of refraining from seeding clowl structures (stratocumulus) in which it i3
thought that seeding could well decrease precipltation, while seeding heavily convective
structures in which the rate of cordensation must be high.

V. Conclusion

The work of Grant and Elliott suggests thet a modest increase in physical sophistication
has produced a marked improvement in the results attainable. is gives encouragement to
the view that further increases in understanding will yield still better results, or perhaps
meke it possible to extend the areas in which useful results are achieved, the emphasis in
research will tend to move away from the purely vhysical problems underlying the technology
to the area of social implications--the economic and legal aspects--and into disciplines
related to the control and preservation of our enviromment, such as ecology.
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; 30 many interesting, yes even exciting, idess were expressed here this week that it would be 5
i presumptuous for eny one person to attempt to adequately surmarize them all. Frankly, in E]
= planning the agenda we were selfish enough to select those areas of discussion in which we 2
. know toc little; areas in which great changes may occur during the '70s with considerable g
B impact upon the military services. We invited the most eminent sclentists irrespective of E
H affiliation to speak and nearly sll acceptcd. The result has been a most profitable exchange Z

- of 1deas. Much of the Information will be contained in the published Proceedings. We shall
: send a copy to each of you.

During the first session we heerd that the copious smounts of raw data already available
would increase evern more in guuntity; but of wore importance, were going to increase in
quality and variety and cover ‘'nore completely the data-sparse areas of the Barth. The
weather satellite will remain in the forefront in providing this improved intelligence but
will share the limelisht with some of the mure neglected sources of data over remote areas:

constant-level balloons, oceer btuoys and aircraft reports. Significant breakthroughs are =
expected in dats presentstion. 7The customer will receive c¢nly what he needs in a computer- -
driven, real-time display or .rocessed information on a query/response bssis.

Experts who are fully cognizant of the tremerdcus problews inherent in simulating the general
circulation, gueraedly predicted some success in long-range weather forecasting out to 2 or B
~ven 3 weeks. We heard proponents of computer forecasting and exponents cf the clder man- z
centered conventional forecasting agree thet the man-machine mix or more properly the msn- :

cozputer mix will be the best nschanism for making short and medium-ran:e predictions ia the
*70s.

——

Unfortunately the problems of the tropice -- botn metecrological and political -- may stiil
te with us in the 'TCs. We heard thet more complete tropizal observations were imminent end
with better use of current data would lead to better understanding of smail-scale troplcal
phenomena. This knowledige may be the key to unlccking the mysteries of tropical forecasting.

In our l2st session we learned that more a..d :etter-designed weather modification research is
needed and planned for the '7CGs. TI* . "1 ur.oide the basic xnowledge which we require to

actively suppress hail ana lightning -- "o augment rain from warm clouds.

We are indeed grateful t¢ the 20C and more ;ecple who Joined us in these sessions. Their
nany enlightening comnment: from this podium, +he diszucclcn table, and frow the floor, have
crowned this meeting with success. Besldes our sister services, the Army, Navy snd Coast
Guari, and within the Air Force, Cumbridge Rescarch lLaboratories, we are grateful to the

non-military agencies who strongly supported these meetings., These are NASA, ESSA including

the Weather Burcav, RAN, Naticnal Science Foundetion, NZAR, the Buresu of Reclamation end
ochers.

0a beualf i the AWS I wish tc¢ thank General Moormen for inviting us to use his facilitles
in the heart of thls beautiful -acation land. His contact men, Maj Ron Tudor end Capt BoL
DeMichaels, ably coordinated for the 4icadewy wvhile our Ma) Don Hansen superbly managed this
affair, It involved & tremendous effort; Vel Descamps' and Don Hansen's numerous other
committee men are iue our heartfel - thanks. 350 ends the 1369 Technical Exchange Conference.
We sincere.y hope that you found it worthwhile and will plan to attend subsequent meetings.
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